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INTRODUCTION

Prostate cancer (PCa) is the most commonly diagnosed malignancy and the second leading cause of
cancer death in North American men [1]. According to the American Cancer Society more than 232,000 men
will be diagnosed with PCa in 2005 and approximately 10% of these men will die of the disease [1]. Primary
therapy for PCa involves the removal of the prostate by surgery or radiation therapy. Unfortunately, after initial
treatment PCa often recurs. Androgens regulate normal prostate development and growth. Surgical or medical
androgen deprivation has been used as the standard treatment for PCa that fails primary therapy [2, 3].
Although there is a good initial response to androgen ablation in most men, tumors will progress to androgen
independence resulting in death [4] since there is currently no adequate treatment for this advanced disease.

Our current investigation is aimed at the development of new therapies to treat PCa. 1a,25-
Dihydroxyvitamin D; (calcitriol), the hormonally active form of vitamin D, is a promising new therapeutic
agent for PCa therapy [5-15].

Calcitriol effects on PCa

Calcitriol is a steroid hormone known as the major regulator of calcium homeostasis and bone
mineralization [16, 17]. However, data accumulated over the past 25 years indicate that calcitriol and its
analogs have potent anti-proliferative and pro-differentiation actions in a number of malignancies including
PCa [15, 18-20]. The anti-proliferative action of calcitriol has been documented in several PCa cell lines [6, 8,
21, 22] as well as in primary cultures of normal and cancer cells derived from surgical specimens taken from
men with PCa [23, 24]. The inhibition of PCa cell growth is seen in both androgen-dependent and -
independent PCa cells [25, 26]. A pilot study from our group provided preliminary evidence that calcitriol
effectively slows the rate of PSA rise in PCa patients with early recurrent PCa [27]. Recent trials using
intermittent high doses of calcitriol in combination with chemotherapy have shown great promise in prolonging
survival and delaying time to progression in men with androgen-independent PCa [13, 15]. Many
pharmaceutical companies are attempting to design calcitriol analogs with increased potency and less tendency
to cause hypercalcemia, the only side-effect of calcitriol therapy [28]. We believe that calcitriol or a new analog
will prove to be a very useful adjunct for the therapy of both androgen-dependent and -independent PCa.

Given the potential utility of calcitriol in treating and/or preventing PCa, understanding the molecular
basis of calcitriol-mediated growth inhibition and the signaling pathways involved in it will fully define its
therapeutic potential as well as allow the development of better therapeutic approaches to treat PCa
progression. Moreover, uncovering the targets of calcitriol action will help develop a combination therapy that
have both the same targets to enhance separate actions and/or aiming different molecules to amplify the
spectrum of action mechanisms that each drug has alone.

Mechanisms of action of Calcitriol on PCa

Calcitriol exerts its action through the activation of its nuclear receptor, the vitamin D receptor (VDR).
After hormone binding, VDR heterodimer attaches to DNA sequences known as vitamin D response elements
(VDRE) in the promoter regions of target genes. This calcitriol-VDR complex then recruits co-activator
proteins that stimulate the transcriptional apparatus to induce the expression of the target gene. A number of

important pathways have been shown to have a role in calcitriol-mediated growth inhibition. One primary
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mechanism of calcitriol action is to induce cell cycle arrest in the G1/GO phase by increasing the expression of

genes like insulin-like growth factor binding protein-3 (IGFBP-3) and p21, and to induce apoptosis by down-
regulating the activity of anti-apoptotic genes, like bcl-2, [5-10, 14].
New targets of calcitriol in PCa

Using cDNA microarray analysis to study the alteration in gene expression elicited by the treatment of
PCa cell lines with calcitriol, we have recently found 28 genes regulated by the hormone [29]. Among the up-
regulated genes is NAD-+-dependent 15-hydroxyprostaglandin dehydrogenase (15-PGDH). This enzyme is also
induced by calcitriol in primary cultures of normal prostatic epithelial cells [30]. Interestingly, calcitriol also
induces the expression of 15-PGDH in human neonatal monocytes [31]. We also found the down-regulation of
various genes, including the prostaglandin-endoperoxide synthase-2, or cyclooxygenase-2 (COX-2) [29]. COX-
2 is an enzyme involved in prostaglandin (PG) synthesis, while 15-PGDH is the primary enzyme responsible
for PG catabolism.
Role of COX-2 activity in PCa

PGs are long-chain oxygenated polyunsaturated fatty acids derived from arachidonic acid (AA). COX
or cyclooxygenases, are responsible for the synthesis of PG precursor PGH,, which will latter be converted to
each kind of PG by specific synthases [32]. PGs are implicated in stimulating proliferation of many cancers
including PCa [33]. Many, yet not all, studies have concluded that COX-2 is over-expressed in PCa when
compared with normal prostate [34, 35]. In vitro studies using the androgen-dependent -independent PCa cell
lines showed that both express detectable amounts of COX-2 and secrete PGE, [36]. COX-2 is proposed to
induce tumorigenesis in PCa by various mechanisms: (1) induction of cell proliferation [37], (2) decreased
apoptosis [38], (3) increased angiogenesis [39]; (4) increased tumor invasiveness [40]; and (4) decreased
immune surveillance [41]. Non-steroidal anti-inflammatory drugs (NSAIDs), known inhibitors of COX activity
and therefore of PG synthesis, have been shown to decrease growth in PCa cells in vitro and in vivo [33, 38,
42]. Data suggest that PGE, has a specific role in the maintenance of human cancer cell growth and that the
activation of COX-2 expression depends primarily upon newly synthesized PGE, through positive feedback
[33, 43]. Knockout of the COX-2 gene generates a marked reduction in the number and size of intestinal polyps
in a murine model of human familial adenomatous polyposis [44]. Taken together, these data indicate that
COX-2 and/or their prostaglandin products play a role in the malignant transformation of the prostate.
~ The role of 15-PGDH in cancer.

15-PGDH is a key metabolic enzyme initiating the catabolic pathway of biologically active PGs
producing inactive keto-derivatives [45]. Given that COX-2 initiates PG synthesis and 15-PGDH catalyses PG
degradation, COX-2 and 15-PGDH are functional antagonists. Three pieces of evidence indicate that the
concomitant over-expression of COX-2 and under expression of 15-PGDH have a role in tumor progression.
First, microarray data analysis indicated a down regulation of 15-PGDH in colon [46] and lung [47] cancers
when compared to normal tissues. Second, when colon epithelial cells are chronically treated with the well
established tumor suppressor TGF-( [48] 15-PGDH gene expression is induced [46]. Thirdly, 15-PGDH seems

to have tumor suppressor effects. When athymic nude mice were injected with cancer cells transiently over-

expressing 15-PGDH, there was a substantial decrease in the induction of tumor growth when compared to wild

type cells [47].
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We have already demonstrated that calcitriol stimulates the expression of 15-PGDH (see Cancer

Research paper in Appendix), we hypothesize that this action is related to the anti-proliferative activity of
calcitriol. A rise in the activity of 15-PGDH would reduce the levels of biologically active PGs. We would
expect calcitriol growth-inhibition to be mediated, at least partially, by the induction of 15-PGDH and the
inhibition of COX-2 [49].

The role of NSAIDs in PCa.

Initially, the interest in the role of COX enzymes in the development of cancer came from the
observation that patients taking NSAIDs have a lower risk of developing cancer PCa {41, 50]. NSAIDs prevent
PG synthesis and prevent PGs from exerting their biological actions [51]. Inhibition of COX-2 by NSAIDs
appears to provide a beneficial therapeutic action. Interestingly, NSAIDs also regulate 15-PGDH levels in some
cells [52, 53].

Our hypothesis is that calcitriol regulation of PG metabolism (induction of 15-PGDH and inhibition of
COX-2) is another pathway to remove active PGs that may help to diminish PCa proliferation. In this way,
calcitriol and NSAIDs would have the same ultimate effect. Unfortunately, NSAID use has shown some
secondary side-effects including increased risk of heart attacks, stroke, sudden death, blood clots, stomach and
intestinal bleeding, kidney problems including acute kidney failure and worsening of chronic kidney failure
[54]. On the other hand, calcitriol also has secondary effects, namely hypercalcemia. However, this effect can
be diminished with intermittent administration of calcitriol [15] or with the use of the new analogs of calcitriol
[28]. To avoid such unwanted actions we would resort to the combination of NSAIDs and calcitriol. We predict
that the combination therapy could allow the use of lower doses of both drugs thus reducing their individual
side-effects.

Given the induction of 15-PGDH expression and the inhibition of COX-2 expression by calcitriol, both
NSAIDs and calcitriol would have the same effect, to reduce the pool of active PGs. To us, this strongly
suggests that induction the regulation of PG-related metabolic genes by calcitriol contributes to its anti-
proliferative activity. It also suggests a possible synergistic action of calcitriol and NSAID treatment to prevent
cancer cell proliferation. We hypothesize that the role of calcitriol in the general metabolism of these
eicosanoids, by induction of 15-PGDH and the inhibition of COX-2 expression, contributes to the anti-PCa
action of calcitriol. By inhibiting COX-2 and stimulating 15-PGDH expression, calcitriol would decrease the
levels of biologically active PGs in PCa cells and thereby reduce the proliferative stimulation of PGs, much like
the NSAIDs. Our finding that calcitriol stimulates the expression of 15-PGDH and inhibits COX-2 assume

greater significance considering the putative actions of PGs on PCa cells.
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BODY

The main findings of this ongoing project are fully described in the Cancer Research paper: Regulation
of prostaglandin metabolism by calcitriol attenuates growth stimulation in prostate cancer cells [55] (Appendix
11, Publications).

Calcitriol actions on the prostaglandin pathway in PCa cells

PGs synthesis is initiated by cyclooxygenases (COX) -1 and -2 [32] and their degradation is mediated
by 15-prostaglandin dehydrogenase (15-PGDH) [45]. Elevated levels of prostaglandins are associated with
increased cancer risk and more aggressive cancer. Calcitriol, the active form of vitamin D, is potentially useful
in cancer treatment by interfering with PG metabolism and actions.

Our microarray data indicated that calcitriol increased the expression of 15-PGDH and significantly
decreased the expression of COX-2 in LNCaP human PCa cells [29]. We hypothesize that this dual action of
calcitriol would reduce the levels of biologically active PGs in PCa cells, thereby decreasing the proliferative
stimulus for PCa growth.

Our experiments showed that calcitriol inhibits prostaglandin actions in PCa cells by three mechanisms:
stimulating the expression of prostaglandin catabolizing enzyme 15-PGDH, decreasing the expression of
prostaglandin synthesizing enzyme COX-2 and inhibiting EP2 and FP prostaglandin receptor expression [55].
We also observed a decrease in levels of PGs in the conditioned media of LNCaP cells treated calcitriol. We
suspect that this was the result of the dual effect of calcitriol on the expression of PG metabolic enzymes [55].
Furthermore, the combination of calcitriol and various non-steroidal anti-inflammatory drugs (NSAIDs)

produced synergistic inhibition of PCa cell growth at 2 to 10 lower concentrations of the drugs needed to

achieve the same effect alone. The findings suggest that calcitriol and NSAIDs may be a useful combination for
chemotherapy PCa [55, 56].
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KEY RESEARCH ACCOMPLISHMENTS

Training accomplishments
Dr. Moreno has spent her time performing experiments in the laboratory of Dr. David Feldman, under

the guidance of Dr. Feldman and Dr. Aruna Krishnan, a very experienced Research Scientist.

Dr. Moreno has periodically presented her data to the group of collaborators from the laboratories of
Dr. Feldman and Dr. Donna Pechl, a long time collaborator, at the weekly lab meetings. Dr. Moreno has made
formal presentations to the Stanford Prostate Cancer Group and to the Department of Urology Research
Conference.

Dr. Moreno attended classes in “Responsible Conduct of Research”, once a week for eight consecutive
weeks in the period of September-November, 2004. The course was comprised of lectures on environmental
health and safety, use and protection of human subjects and lab animals, conflicts of interest, publication,
intellectual property and data, error, negligence or misconduct and response to violations of ethical standards.
She has also gained experience in prostate cancer biology, normal and abnormal prostate cell function, prostate
cancer therapy, chemoprevention strategies and the design of new treatment therapies to delay or prevent
prostate cancer progression. The methods employed focus on hormone action, nuclear receptors, and regulation
of target gene transcription and protein expression as well as metabolic studies of enzymatic activity and
regulation of gene product concentration. The methods applied included cell culture, gene expression analysis
by real time RT-PCR, which represents a completely new technique for her, Western blot, gene regulation
studies, transfection and reporter gene assays.

During the period of September 2004 to September 2005, Dr. Moreno has completed the publication of
three research papers and one review (see Appendix I-Biosketch). Two papers emanate from her previous work
in Mexico, where she is originally from and had her doctoral training. The third paper in Cancer Research is
the culmination of the first part of the current project. Dr. Moreno has also written 2 reviews, on published in
the Journal of Steroid Biochemistry and Molecular Biology and the second in press in Anticancer Research.
The results of the current project have also been presented at several meetings: (1) by Dr. Feldman at the 10"
Prouts Neck Meeting on Prostate Cancer, in Maine in October 2004, (2) at the Vitamin D Symposium on
Cancer, organized by the NIH: Chemoprevention & Cancer Treatment: Is there a role for vitamin D,
10,,25(0OH)2-vitamin D3 or new analogs (deltanoids)", in November, 2004 in Bethesda, Maryland, (3) at the
2nd Int. Symposium on Vitamin D Analogs in Cancer Prevention and Therapy. May 2005, Liibeck, Germany
and (4) by Dr. Moreno at the Endocrine Society’s 87" Annual Meeting, in San Diego California in June 2005.
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Research accomplishments
The major part of the scientific accomplishments is described in detail in the paper published in Cancer
Research (Vol. 65: 7917, Sept. 2005), found in the Appendix.
Calcitriol exhibits anti-proliferative and pro-differentiation effects in prostate cancer. Our goal is to
further define the mechanisms underlying these actions. We studied established human prostate cancer cell
lines and showed that calcitriol interferes with the metabolism of prostaglandins (PGs), known stimulators of

prostate cell growth in three ways:

- Calcitriol significantly repressed the mRNA and protein expression of prostaglandin
endoperoxide synthase/cyclooxygenase-2 (COX-2), the key PG synthesis enzyme.

- Calcitriol up-regulated the expression of 15-hydroxyprostaglandin dehydrogenase, the enzyme
initiating PG catabolism.

- We found that this dual action was associated with decreased prostaglandin E2 secretion into
the conditioned media of prostate cancer cells exposed to calcitriol.

- Calcitriol also repressed the mRNA expression of the PG receptors EP2 and FP, providing a
potential additional mechanism of suppression of the biological activity of PGs.

- Calcitriol treatment attenuated PG-mediated functional responses, including the stimulation of
prostate cancer cell growth and the up-regulation of PG target genes as c-fos.

- The combination of calcitriol with NSAIDs synergistically acted to achieve significant prostate
cancer cell growth inhibition at approximately 2 to 10 times lower concentrations of the drugs
than when used alone.

- The regulation of PG metabolism and biological actions constitutes a novel pathway of
calcitriol action that may contribute to its anti-proliferative effects in prostate cells.

- We propose that a combination of calcitriol and nonselective NSAIDs might be a useful chemo-

preventive and/or therapeutic strategy in men with prostate cancer, as it would allow the use of lower

concentrations of both drugs, thereby reducing their toxic side effects.
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REPORTABLE OUTCOMES

Publications:

Jaramillo, B.E., Ponce, A., Moreno, J., Betanzos, A., Huerta, M., Lopez-Bayghen, E., Gonzalez-
Mariscal, L. 2004. Characterization of the tight junction protein ZO-2 localized at the nucleus of
epithelial cells. Exp. Cell Res. 297: 247-258.

Shoshani, L., Contreras, R.G., Roldan, M.L., Moreno, J., Lazaro, A., Balda, M.S., Matter, K.,
Cereijido, M. 2005. The polarized expression of Na+ K-+-ATPase in epithelia depends on the
association between beta-subunits located in neighboring cells. Mol. Biol. Cell. 16: 1071-1081.

Moreno, J., Krishnan, A.V., Feldman, D. 2005. Molecular mechanisms mediating the anti-proliferative
effects of Vitamin D in prostate cancer. J. Steroid. Biochem. Mol. Biol. Jul 14; [Epub ahead of print].
Moreno J., Krishnan A.V., Swami S., Nonn L., Pechl D.M., Feldman, D. 2005. Regulation of
prostaglandin metabolism by calcitriol attenuates growth stimulation in prostate cancer cells. Cancer
Res. 65:7917-7925.

Moreno, J., Krishnan, A.V., Feldman, D. 2005. Pathways mediating anti-proliferative actions of

calcitriol in prostate cancer. Anticancer Res. In press.

Scientific Meetings:

Feldman, D., Moreno, J., Krishnan A.V. Pathways mediating the growth inhibitory actions of Vitamin
D in prostate cancer. 10" Prouts Neck Meéting on Prostate Cancer, Prouts Neck, Maine October 2004,
Feldman, D., Moreno, J., Krishnan A.V. Pathways mediating the growth inhibitory actions of Vitamin
D in prostate cancer. Vitamin D symposium: Cancer Chemoprevention & Cancer Treatment: Is there a
role for vitamin D, 1a,25(0OH)[26]2-vitamin D3 or new analogs (deltanoids)" November, 2004,
Bethesda, Maryland.

Moreno, J., Krishnan, A.V., Feldman, D. Pathways mediating the growth inhibitory éctions of
Vitamin D in prostate cancer. Abstracts of the 2nd Int. Symposium on Vitamin D Analogs in Cancer
Prevention and Therapy. May 2005, Liibeck, Germany. Anticancer Res. 25. 2290.

Moreno J., Krishnan AV, Feldman D. Regulation of prostaglandin metabolism by calcitriol: Potential
role in the treatment of prostate cancer. Endocrine Society’s 87" Annual Meeting, in San Diego

California, June 2005.

Pending accomplishments
Task I1I: To test the potential additive effects of calcitriol and NSAID treatment. (Months 13-16).

a) We will analyze the effects of NSAIDs and calcitriol individually and in
combination on key genes known to respond to calcitriol including androgen
receptor, prostate-specific antigen, and those genes involved in the signaling
pathway mediating the calcitriol anti-proliferative actions including cyclin-
dependent kinase inhibitor p21, insulin-like factor receptor binding protein
(IGFBP-3) and the apoptosis inhibitor bcl-2.
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b) We will measure the levels of PGs in conditioned medium from cells treated

separately or simultaneously with calcitriol and NSAIDs.

Task IV: To ascertain the role of 15-PGDH induction and COX-2 inhibition in the anti-

proliferative action of calcitriol. (Months 17-24).

a) We will develop an appropriate protocol to abrogate the activity of 15-PGDH in PCa cells
by antisense and/or siRNA, to determine the extent of the effect of 15-PGDH inhibition on
the total calcitriol anti-proliferative activity.

b) We will determine the silencing of 15-PGDH in enzymatic activity assays.

¢) We will study the actions of calcitriol on cell growth in the absence of 15-PGDH.

d) We will stably transfect a human COX-2 gene expression vector into PCa cells and then,
we will investigate the effect of calcitriol on the growth of PCa cells overexpressing COX-

2 to determine the role of COX-2 repression on calcitriol-mediated growth inhibition.

We anticipate a period of 12 months dedicated to the completion of this second part of the project. All the

Specific Aims will be covered in sequence.
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CONCLUSIONS

Our research is directed at understanding the molecular mechanisms of the anti-proliferative activity of
calcitriol in prostate cells with the goal of developing strategies to improve PCa treatment. Using ¢cDNA
microarrays we have recently found that calcitriol modulates the expression genes involved in PG metabolism.
Calcitriol reduces the expression of COX-2 gene, the enzyme that catalyzes PG synthesis and up-regulates the
expression of 15-PGDH gene, the enzyme involved in PG inactivation. In the current project we found that
calcitriol acts by three separate mechanisms: decreasing COX-2 expression, increasing 15-PGDH expression,
and reducing PG receptor mRNA levels. We believe that these actions contribute to suppress the proliferative
stimulus provided by PGs in prostate cancer cells. Calcitriol treatment attenuated PG-mediated functional
responses, including the stimulation of prostate cancer cell growth, the secretion of PGs to the conditioned
media of PCa cells treated with calcitriol and blocking the up-regulation of PG target genes. The combination
of calcitriol with nonsteroidal anti-inflammatory drugs (NSAIDs), known inhibitors of the enzymatic activity of
COX-2, synergistically acted to achieve significant prostate cancer cell growth inhibition at =2 to 10 times
lower concentrations of the drugs than when used alone. The regulation of PG metabolism and biological
actions constitutes an additional novel pathway of calcitriol action mediating its anti-proliferative effects in
prostate cells. We propose that a combination of calcitriol and a nonselective NSAID, such as naproxen, might
be a useful therapeutic and/or chemo-preventive strategy in prostate cancer, as it would achieve greater efficacy
and allow the use of lower concentrations of both drugs, thereby reducing their toxic side effects. The action of
calcitriol at the genomic level to suppress COX-2 gene expression will decrease the levels of COX-2 protein
and allow the use of lower the concentrations of NSAIDs needed to inhibit COX-2 enzyme activity. The

combination approach is an attractive therapeutic strategy in the treatment of PCa and can be translated to

clinical trials.
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Abstract

Z0-2 is a MAGUK protein that in confluent epithelial sheets localizes at tight junctions (TJ) whereas in sparse cultures accumulates in
clusters at the nucleus. Here, we have characterized several nuclear properties of ZO-2. We observe that ZO-2 is present in the nuclear matrix and
co-immunoprecipitates with lamin B, and actin from the nuclei of sparse cultures. We show that ZO-2 presents several NLS at its amino region,
that when deleted, diminish the nuclear import of the ZO-2 amino segment and impair the ability of the region to regulate the transcriptional
activity of promoters controlled by AP-1. Several RS repeats are detected in the ZO-2 amino segment, however, their deletion does not preclude
the display of a speckled nuclear pattern. ZO-2 displays two putative NES. However, only the second one appears to be functional, as when
conjugated to ovalbumin (OV), it is able to translocate this protein from the nucleus to the cytoplasm in a leptomycin B-sensitive way.

© 2004 Elsevier Inc. All rights reserved.

Keywords: Tight junctions; ZO-2; MAGUK; Nuclear matrix; NLS; NES; PKC

Introduction

In multicellular organisms, the cellular sheets of epithelia
and endothelia constitute the frontier between the internal
milieu and the fluids contained within the different body
compartments. Epithelial cells display tight junctions (TJ) at
the apex of their lateral membranes. These structures regulate
the passage of ions and molecules through the paracellular
pathway and maintain epithelial polarity by blocking the free
diffusion in the plasma membrane plane, of lipids and
proteins.

In recent years, a wide array of cortical and integral
proteins have been identified at the TJ [1]. Among the
former, ZO proteins have been profusely studied. These
proteins belong to the MAGUK family, characterized for
presenting several conserved domains including three PDZ,
one SH3 and a GK module [2], elements indicating that
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such proteins might serve multiple purposes. ZO-2 is a
160-kDa molecule originally identified as a TJ protein due
to its co-immunoprecipitation with ZO-1 [3]. ZO-2 inter-
acts as well with other tight and adherens junction proteins,
such as occludin [4], claudins [5], cingulin [6] and o-
catenin [4]. : '

It has long been known that the TJ is anatomically and
functionally associated to the cytoskeleton, and more re-
cently, binding of actin filaments to ZO proteins has been
observed [7].

The subcellular localization of ZO-2 is strongly sensitive
to the state of cell—cell contact displayed by the monolayer.
Thus, in sparse epithelial cultures, ZO-2 accumulates in
clusters at the nucleus, where it partially co-localizes with
splicing factor SC-35 [8]. Shuttling of ZO-2 between the TJ
region and the nucleus might be achieved by the presence of
putative nuclear localization [9] and exportation signals
(NLS and NES) [8] on its sequence. The functional signif-
icance of the nuclear distribution of ZO-2 still remains
unclear; therefore, characterizing the properties of nuclear
Z0-2 is crucial for elucidating its physiological role. Here,
we have studied ZO-2 association to nuclear matrix proteins
and the role that NLS and NES plays on its shuttling.
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Material and methods
Cell culture

Starter epithelial Madin Darby canine kidney (MDCK)
cultures were obtained from the American Type Culture
Collection (MDCK, CCL34). Cells between the 60th and
90th passage were grown at 36.5°C in disposable plastic
bottles (Costar 3151, Cambridge, MA) with a 95% air, 5%
CO, atmosphere (Stericult 200, Forma Scientific, Marrieta,
OH) and 20 ml of Dulbecco’s modified Eagle’s basal
medium (DMEM; D1152 Sigma Co., St. Louis, MO) with
penicillin (100 IU/ml; Eli Lilly, México) and 10% iron-
supplemented certified calf serum (Gibco BRL, 10371-029,
Grand Island, NY). Cells were harvested with trypsin—
EDTA (In Vitro, México) and plated either sparse (1 X
10° cells/em?) or at confluency (3 X 10° cells/cm?).

Elaboration of total cellular extracts and nuclear matrix
preparations

MDCK cells were lysed under gentle rotation for 15 min
at 4°C with RIPA buffer (40 mM Tris—HCI, pH 7.6, 150
mM NaCl, 2 mM EDTA, 10% glycerol, 1% Triton X-100,
0.5% sodium deoxycholate, 0.2% SDS, 1 mM PMSF)
containing the protease inhibitor cocktail Complete™ . The
lysate was then sonicated three times for 30 s each in a high-
intensity ultrasonic processor (Vibra cell, Sonics and Mate-
rials Inc., Danbury, CT).

For the Western blot experiments, nuclear matrix was
prepared according to the protocol described by Cook et al.
[10] with slight modifications introduced by Aranda-
Anzaldo and Dent [11]. Briefly, cells derived from sparse
cultures were lysed in a buffer containing 2.6 M NaCl, 1.3
mM EDTA, 2.6 mM Tris and 0.6% of Triton X-100, pH 8.0.
After 20 min at room temperature, 200 pul of this lysate
containing 1 x 10° cells were applied on top of a sucrose
gradient (15-30%; 600—-200 pul; pH 8.0) containing 2 M
NaCl, 10 mM Tris and 1 mM EDTA. The gradients were
spun at 4°C on a Sorvall Biofuge Fresco centrifuge at
10,000 rpm. The nucleoids present as a white aggregate at
the gradient interphase between the two layers of sucrose
were collected with a Pasteur pipette, intensively washed
with PBS and digested with DNAse I (catalogue no.
E2215Y; Amersham Pharmacia Biotech Inc., Piscataway,
NJ, USA) in a buffer containing 10 mM MgCl,, 0.2 mM 2-
mercaptoethanol and 50 mM Tris, pH 7.2, for 10 min at
37°C. The DNA digestion was stopped with a solution of
200 mM EDTA and 10 mM Tris. After 10 min on ice, the
samples were spun for 15 min at 4°C on a Sorvall Biofuge
Fresco centrifuge at 13,000 rpm. The pellet obtained was
resuspended in RIPA buffer with the protease inhibitor
cocktail Complete™ .

For the generation of the extracted monolayers to be
observed by immunofluorescence, we employed a protocol
designed by Fey et al. [12] and slightly modified by Padros

et al. [13] and Vindrola et al. [14]. Briefly sparse mono-
layers grown on glass coverslips were rinsed with phos-
phate-buffered saline (PBS, pH 7.4) and fixed in 2% p-
formaldehyde for 30 min at 4°C. The cells were then
extracted in cytoskeletal buffer (CSK; 100 mM NaCl, 300
mM sucrose, 10 mM PIPES, pH 6.8, 3 mM MgCl,, 0.5%
Triton X-100, 1.2 mM phenylmethylsulfonyl fluoride and 1
mM EGTA) for 10 min a 4°C. The resulting soluble fraction
was removed. Cells were then further extracted with RSB
buffer (250 mM ammonium sulfate, 10 mM NaCl, 10 mM
Tris, pH 7.4, 3 mM MgCl,, 0.5% Triton X-100, 1.2 mM
phenylmethylsulfonyl fluoride and 1 mM EGTA) to remove
the salt labile cytoskeleton. The chromatin fraction was
digested employing a buffer identical to the CSK buffer
with the exception that it contained 50 mM NaCl. To this
buffer we added 250 units/m! of bovine pancreatic DNAse 1
and RNAse (Catalogue no. 5305-888777 5 Prime-3 Prime
Inc., Boulder CO, USA) and digestion proceeded for 20 min
at room temperature. Chromatin-associated proteins were
released by the addition of ammonium sulfate to a final
concentration of 250 mM, and incubation continued for 5
min at room temperature. The chromatin fraction was
removed from the monolayers, leaving the nuclear matrix-
intermediate filaments (NM-IF) fraction.

Protein blotting

In total extracts and nuclear matrix preparations, proteins
were quantified and the samples were diluted (1:1) in
treatment buffer (125 mM Tris—Cl, 4% SDS, 20% glycerol,
10% 2-mercaptoethanol, pH 6.8), run in 8% polyacrylamide
gels and transferred to PVDF membranes (Hybond
RPN303F; Amersham Pharmacia Biotech, Little Chalfont,
Buckinghamshire, UK).

Blotting was performed with polyclonal antibodies
against ZO-2 (catalogue no. 71-1400, dilution 1:500;
Zymed laboratories, San Francisco, CA, USA), ZO-1 (cat-
alogue no. 61-7300, dilution 1:500; Zymed laboratories),
His-probe (catalogue no. sc-803, dilution 1:1000; Santa
Cruz Biotechnology, Inc., Santa Cruz, CA, USA) and mouse
monoclonals against lamin B; (Zymed Zs33-2000; dilution
1:500), p Na*-K*-ATPase (a generous gift of Dr. Marcelino
Cereijido, CINVESTAYV, México), Histone 4 (catalogue no.
06-753, dilution 1:500; Upstate Biotechnology, Lake Placid,
NY, USA) and actin (a generous gift of Dr. José Manuel
Hernandez, CINVESTAV, México; dilution 1:5). Peroxi-
dase-conjugated goat IgG against rabbit IgG or against
mouse IgG (catalogue nos. 62-6120 and 62-6520, respec-
tively; dilution 1:2000; Zymed Laboratories) were used as
secondary antibodies, followed by a chemiluminescence
detection system (ECL+PLUS, RPN 2132; Amersham
Pharmacia Biotech). Alternatively, goat anti-rabbit or anti-
mouse antibodies coupled to alkaline phosphatase (cata-
logue nos. 170-6518 and 170-6520, respectively; Bio-Rad
Laboratories) were used and a 5-bromo-4-chloroindol-3-yl
phosphate/Nitro Blue Tetrazolium colorimetric detection kit
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(catalogue no. 170-6432; Bio-Rad) was subsequently
employed.

Immunofluorescence

MDCK monolayers cultured on glass coverslips were
extensively washed in PBS and fixed in 2% p-formaldehyde
for 30 min at 4°C. Some of these monolayers were then
processed to obtain the NM-IF fractions, whereas others
were immediately processed for immunofluorescence. The
latter protocol started with a 30-min blockade with 1% BSA
Ig free (Research Organics catalogue no. 1331-a). The
monolayers were then incubated overnight at 4°C with a
rabbit polyclonal antibody against ZO-2 (diluted 1:100 in
1% Ig-free BSA) or monoclonals Anti-Xpress (catalogue
no. R910-25, dilution 1:500; Invitrogen Life Technologies,
Carlsbad, CA, USA) or anti-HA (catalogue no. sc-7392,
dilution 1:100; Santa Cruz Biotechnology Inc.). The cover-
slips with the monolayers were then washed five times with
PBS and incubated for 1 h at room temperature with a
secondary antibody (FITC-conjugated goat anti-rabbit, cat-
alogue no. 65-6111; diluted 1:100; Zymed). After being
washed three times, the monolayers on the glass coverslips
were mounted with the antifade reagent Vectashield (Vector
Laboratories Inc., Burlingame, CA). The fluorescence of the
monolayers was examined using a confocal microscope
(MRC-600, Bio-Rad) with a krypton—argon laser.

Immunoprecipitation of ZO-2 from the nuclei of MDCK
cells

Nuclei derived from sparse MDCK cells were isolated
according to a procedure previously described [15]. Briefly,
the monolayers were treated with buffer A: 10 mM Tris—
HCI, pH 7.4, 10 mM NaCl, 3 mM MgCl,, 0.5% NP-40;
vortexed for 30 s, and centrifuged at 1000 X g for 5 min.
The pellet was treated again with buffer A, and the proce-
dure was repeated three times. The efficiency of the cellular
lysis was checked by adding Hoechst (data not shown). For
immunoprecipitation, the nuclear pellet or a total cell extract
was lysed under gentle rotation for 15 min at 4°C with RIPA
buffer (40 mM Tris—HCl, pH 7.6, 150 mM NaCl, 2 mM
EDTA, 10% glycerol, 1% Triton X-100, 0.5% sodium
deoxycholate, 0.2% SDS, 1 mM PMSF) diluted 1:1 with
HO buffer (50 mM HEPES, pH 7.6, 150 mM NaCl, 1 mM
EGTA, 1.5 mM MgCl,, 10% glycerol, 1% Triton X-100)
containing the protease inhibitor cocktail Complete™ . The
extract obtained was centrifuged at 10,000 X g for 15 min at
4°C. The supernatants were collected and cleared with
Staphylococcus aureus cells conjugated with IgG goat anti-
bodies to IgG rabbit antibodies (Tachisorb cells, 100 ul/24
x 10° cultured cells, catalogue no. 575544; Calbiochem, La
Jolla, CA, USA) for 1 h at 4°C. After centrifugation (10 min
at 1300 x g), supernatants were incubated overnight at 4°C,
with the polyclonal ZO-2 antibody (1 ng/24 x 10° cultured
cells) under continuous rotation. Tachisorb cells were added

and incubated 1 h at 4°C. Immunoprecipitates were washed
twice with HO buffer followed by three washes with 50 mM
Tris—HCl (pH 7.4). The pellets were boiled 10 min in
sample buffer and electrophoresed onto 12% polyacryl-
amide-SDS gels.

ZO-2 fusion proteins

Here, we employed two ZO-2 GST fusion proteins,
whose construction was previously described by us [16].
The first named 3PSG included the third PDZ domain, the
SH3 region and the GK module (residues 400-874 of
canine ZO-2 [17]); the second called AP covered the acidic
and proline-rich domains of ZO-2 (residues 878—1179 of
canine Z0O-2 [17]). :

Pull-down assays

Pull-down assays were performed employing 1 mg of a
nuclear lysate isolated from rat kidneys and 25 pg of 3PSG-
GST or AP-GST fusion proteins as previously described
[18].

Expression plasmids, transfection and CAT assays

Full-length canine ZO-2 introduced into the CMV
expression plasmid GW1 was kindly provided by Ronald
Javier (Baylor College of Medicine, Houston, TX). The
middle (3PSG; 1595-3019 nt) and carboxyl-terminal (AP;
3029-3923 nt) segments of canine ZO-2 were introduced
into pcDNA4/HisMax by us as previously reported [18].
The amino-terminal (398—2165 nt) segment of canine ZO-
2, containing PDZ1, PDZ2 and PDZ3, was amplified by
RT-PCR using elongase (Cat. No. Y02370; Life Technol-
ogies, Grand Island, NY) and sequentially introduced into
the EcoRV site found in the multiple cloning site of
pBluescript II KS (+) (catalogue no. 212207; Stratagene,
La Jolla, CA). To generate the amino-ZO-2 ANLS seg-
ment, we restricted the amino-ZO-2/pBluescript construct
with the Hpal and PfIMI enzymes producing the deletion
of nucleotides 5921486 (see scheme in Fig. 4). The
amino-Z0O-2 APDZ2,PDZ3 segment was generated by
cutting the amino-ZO-2/pBluescript construct with X#ol
and EcoRI, producing the elimination of nucleotides
957-2165. The amino segments of ZO-2 were then intro-
duced into the pcDNA4/HisMaxB vector (Cat. No V864-
20; Life Technologies). The Plasmids were purified
employing the QIAGEN plasmid purification kit (Cat.
No. 12142; Chatsworth, CA) and verified by restriction
and complete sequence analyses.

The reporter gene TRE-CAT was kindly donated by
Michael Gredes from Dr. Yuspa laboratory at NIH. TRE-
CAT contains the structural gene for chloramphenicol ace-
tyltransferase (CAT) under the control of the Herpes virus
thymidine kinase (HSV-TK) promoter and five SV40 AP-1
sites cloned upstream [19].
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Transfections on MDCK cells were carried out with
Lipofectamine 2000 reagent (Cat. No. 11668-019; Life
Technologies) as recommended by the manufacturer.

CAT assays were performed as previously described by
us [18] in sparse cells to obtain a higher expression of the
transfected construct in the nucleus.

Microinjection of rhodaminated albumin and ZO-2 NES
peptides conjugated to ovalbumin

Peptides corresponding to the NES-1 (360LQLVVLRD-
SK370) and NES-2 (7,3LEKLANELPDL35) sequences of
Z0-2 were conjugated to ovalbumin (OV) by Research
Genetics Invitrogen Corporation. The coupling ratio of both
conjugations was of one NES peptides per OV molecule.
Where indicated, cells were incubated before microinjection,
in media containing 50 nM leptomycin B, kindly donated by
Dr. M. Yoshida from the Department of Biotechnology at
Tokyo University, Japan.

Microinjection was performed using an IM 300 apparatus
(Narishige, Tokyo, Japan) with borosilicate pipettes that
have attained a resistance of 1 M) with a horizontal
Brown/Flaming puller (Sutter P97, Novato, CA, USA),
and employing a piezoelectric micromanipulator (Burleigh,
PCS500, New York, USA). The pipettes were filled with 1
ul of a solution containing the samples [0.5 mg/ml rhoda-
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minated albumin (Cat. No. A-847; Molecular Probes,
Eugene, OR, USA) plus 0.4 mg/ml of either ZO-2 NES-1
or NES-2 conjugated to ovalbumin] diluted in PBS. The
microinjection was performed on the nuclei of sparse cells
plated 24 h before on glass coverslips and was verified by
the epifluorescence observation of the injected rhodami-
nated albumin in an inverted microscope (Nikon Diaphot
200, Tokyo, Japan). Thirty minutes after the nuclear injec-
tion, the monolayers were fixed with 4% p-formaldehyde
and processed for immunofluorescence employing a
polyclonal rabbit anti-ovalbumin antibody generated and
generously provided by Dr. Vianney Ortiz Navarrete (CIN-
VESTAV, México), and the secondary fluoresceinated anti-
rabbit antibody described above.

Results
Nuclear ZO-2 is associated to the nuclear matrix

To determine if ZO-2 found at the nucleus of sparse
epithelial cells is associated to the nuclear matrix, we gener-
ated from MDCK epithelial cells a total extract as well as a
nuclear matrix preparation. Fig. 1A illustrates how the
nuclear matrix preparation is devoid of the  subunit of the
Na'-K"-ATPase, employed here as a plasma membrane

Fig. 1. The TJ protein ZO-2 found at the nucleus is associated to the nuclear matrix. (A) A total extract and a nuclear matrix preparation derived from sparse
MDCK cells was separated by SDS-PAGE, transferred to PVDF membranes and blotted with specific antibodies against the plasma membrane protein B
subunit of the Na*-K*-ATPase; the nuclear matrix proteins lamin B, and actin; the soluble nuclear protein histone 4 and the TJ protein ZO-2. Observe how at
the nuclear matrix lamin By, actin and ZO-2 can be clearly detected, although the preparation is devoid of B Na*-K*-ATPase and histone 4. In this and the
following figures, the numbers aside of the arrows indicate the molecular weight in kilodaltons of the blotted proteins. (B) Immunofluorescence detection of
ZO0-2 in the nuclear matrix. p-Formaldehyde-fixed monolayers of sparse MDCK cells were rinsed twice with PBS (a) and then sequentially extracted with
buffers to release the soluble proteins (b), the salt labile cytoskeleton (c) and the chromatin associated proteins (d). Observe how ZO-2 remains detectable at the

nucleus and celtular border throughout the whole extraction procedure.
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marker [20], and of the soluble nuclear protein Histone 4,
although both proteins can be detected in the total cellular
extract. The nuclear matrix preparation instead displays the
presence of lamin B; and actin, which are characteristic
components of the nuclear matrix {21,22]. ZO-2 was detected
in both the total cellular extract and the nuclear matrix,
suggesting the association of this protein to the nuclear
matrix.

To explore this possibility, we performed on sparse
MDCK monolayers a sequential extraction (Fig. 1B) of
soluble proteins with a 0.5% Triton X-100 buffer (b) of
the salt labile cytoskeleton employing an ammonium sulfate
containing buffer (c) and of chromatin-associated proteins
by submitting the monolayers to a treatment with DNAse
and RNAse (d). The results depicted in Fig. 1B illustrate
how, despite the treatment to which the monolayers are
subjected, Z0O-2 remains as in control monolayers (a)
located at both the cell—cell borders and the nucleus, thus
reinforcing the idea that nuclear ZO-2 is in vivo strongly
associated to the nuclear matrix.

To further test the association of ZO-2 to nuclear insol-
uble proteins, we immunoprecipitated ZO-2 from a nuclear
preparation derived from sparse MDCK monolayers. As
Fig. 2 shows, nuclear matrix proteins, actin and lamin B,
can be detected in the ZO-2 immunoprecipitate. The asso-
ciation of ZO-2 with lamin B; is a novel observation,
therefore, we proceeded to study if different segments of
Z0-2 maintained this interaction. We started by transfecting
MDCK cells with a poly-histidine-tagged construct named
amino ZO-2 (Fig. 3), which comprises the three PDZ
domains and the NLS of the protein. Fig. 4A shows how

Z0-2 IP: + - Blot:

160 —>» Z0-2

220 —p Z0-1

68— | Lamin B,

43 —>p Actin

Fig. 2. Lamin B,, actin and ZO-1 co-immunoprecipitate with ZO-2
obtained from the nuclei of sparse monolayers. Immunoprecipitates (IP)
performed from the nuclei of sparse monolayers with antibodies against
Z0-2 or with pre-immune serum (—) were run on SDS-PAGE, transferred
to PVDF membranes and blotted with antibodies against lamin B, actin,
ZO-1 and ZO-2.

lamin B; does not co-immunoprecipitate with the amino
Z0-2 segment, although it is clearly detected in the total
cellular extract (TE). Since the remainder segments of ZO-2
do not contain NLS, which could facilitate the entrance of
the proteins to the nucleus, we continued our study
performing pull-down assays from a kidney nuclear lysate
using GST fusion proteins corresponding to the middle
(3PSG) and carboxyl-terminal (AP) domains of ZO-2 (Fig.
3). As Fig. 4B shows, lamin B, is conspicuously present in
the nuclear lysate (NL) and the AP pull-down, and to a
lesser extent in the assay performed with the 3PSG fusion
protein. These results hence indicate that lamin B, interacts
with the carboxyl half of ZO-2.

As stated in the Introduction, ZO-2 was originally identi-
fied as a protein that co-immunoprecipitates with ZO-1. Since
the latter protein has also been reported to shuttle to the
nucleus upon conditions of low cell—cell interaction [23], we
tested if in the ZO-2 nuclear immunoprecipitate ZO-1 could
be detected. Fig. 2 shows the conspicuous presence of ZO-1
in the ZO-2 nuclear immunoprecipitate, thus suggesting that
as in the plasma membrane, at the nucleus, both ZO proteins
form part of the same complex.

The amino segment of ZO-2 presents several NLS and RS
repeats whose deletion decreases, but does not inhibit, the
nuclear import of the molecule

In a previous work, we demonstrated the presence of
NLS in several MAGUK proteins of the TJ including ZO-2
[9]. For the latter, we initially described a bipartite signal (aa
83-99 in Fig. 3) located between the last portion of the first
PDZ repeat and the first residues of linker-1, the region
between PDZ1 and 2. Recently however, it has been shown
that deletion of this sequence does not preclude the entrance
to the nucleus of an amino ZO-2 segment, prompting to
speculate the presence of one or more additional NLS
domains in the N-terminal region of ZO-2 [24]. We thus
performed a search for new putative NLS present in ZO-2.
Fig. 3 illustrates the presence of previously undescribed
NLS present in the sequence of ZO-2: (a) A bipartite NLS
(aa 246262, double underlined) that as the first described
Z0-2 NLS (aa 83-99, double underlined) follows the
pattern of two basic residues (K or R), a 10-residue spacer
and another basic region with three basic amino acids (K or
R) out of five residues. (b) Three monopartite NLS, com-
posed of three basic amino acids (K or R) and either H or P,
one located within the basic region (aa 185-188, under-
lined) and the other two overlapping the terminal portion of
the first bipartite NLS (brackets). (c) We further found that
the basic domain of ZO-2 (Fig. 3, +), contained within the
first linker of the molecule, has numerous arginine/serine
(RS) dipeptide repeats (bold). The latter have been de-
scribed in transcriptional activators [25,26], as well as in a
large family of eukaryotic pre-mRNA splicing factors
named SR proteins [27]. The RS-rich domain is necessary
and sufficient for targeting proteins to nuclear speckles and
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Fig. 3. Schematic representation of ZO-2 showing the NLS and RS motifs located within the amino-terminal portion of the molecule and the different ZO-2
constructs. The predicted amino acid sequence reveals the presence of two bipartite NLS (double underlined residues) and three monopartite NLS, one located
within the basic region (underlined), whereas the other two are contained within the terminal portion of the first bipartite NLS (brackets). The dipeptide repeats
of arginine and serine (RS) are shown in bold. The lower diagrams illustrate the amino-Z0-2 segment and its deletion fragments: the amino-ZO2 APDZ2,PDZ3
and the amino-ZO-2 ANLS, as well as the middle (3PSG-ZO-2) and carboxyl-terminal (AP-ZO-2) segments of ZO-2.

constitutes the only known sequence that is shared by all the
splicing factors that localize to speckles [28]. Speckles were
originally described as nuclear storage sites for splicing
factors but are now perceived as active places of coordinate

transcription and splicing [29]. Therefore, the observation
that in sparse epithelial cells ZO-2 is found at nuclear
speckles [8] suggested that this protein could play a role
in nuclear transcription, a situation that has recently been
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Fig. 4. The middle and carboxyl-terminal domains of ZO-2 interact with lamin B,. (A) Lamin B, does not co-immunoprecipitate with the transfected amino
Z0-2 segment. MDCK cells transfected with the amino ZO-2 construct or the empty vector were immunoprecipitated with antibodies against the His probe.
The IP was blotted with antibodies against His probe or lamin B,. TE: total cellular extract. (B) In a pull-down assay, ZO-2 fusion proteins 3PSG and AP

interact with lamin B,. GST, GST-3PSG and GST-AP interacted with a nuclear lysate (NL) obtained from rat kidney. After an extensive wash and a SDS-
PAGE, the presence of lamin B; was revealed with a specific antibody.
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demonstrated by us, for reporter genes regulated by AP-1-
controlled promoters [18].

To determine if the NLS and RS repeats of ZO-2 were
capable of directing ZO-2 to the nucleus, we proceeded to
transfect MDCK cells with the following ZO-2 amino
constructs containing both Xpress and polyhistidine tags
(Fig. 3): (a) the complete amino segment; (b) a construction
named amino-ZO-2 APDZ2,PDZ3, containing the first PDZ
domain and the first bipartite NLS of ZO-2 (nt 398-957);
and (c) the amino-ZO-2 ANLS construct lacking all the NLS
and RS repeats found within the first linker of the molecule
(ANLS looses nt 593-1486). We then analyzed by immu-
nofluorescence with an anti-Xpress antibody the cells dis-
playing predominantly nuclear, a mixed nuclear-cytosolic or
an exclusive cytosolic localization of the amino ZO-2 seg-
ments (Fig. 5A, inserts). The histograms of Fig. SA show
that the number of nuclear-stained cells was significantly
higher in sparse than in confluent monolayers. In contrast, in
sparse cultures, a very low proportion of cells were found to
display a sole cytosolic localization of the amino ZO-2
fragments. In summary, these results are in agreement with
our previous observation concerning the inverse relationship
between the movement of ZO-2 to the nucleus and the
degree of cell-cell contact in the monolayer [8].

Upon comparing the distribution of the different amino
fragments in the transfected cells, we observe that the
absence of the monopartite and the second bipartite NLS
of ZO-2 in the amino-Z0O-2 APDZ2,PDZ3 construct
decreases the nuclear localization of the protein. Further-
more, when all the NLS and RS repeats of the molecule are
eliminated in the amino ZO-2 ANLS, almost no nuclear
localization is detected. Thus, suggesting that all the NLS of
the molecule contribute to its nuclear import. In agreement
with these results, the sole cytosolic distribution of the
constructs increases as the molecules loose their NLS.
Now, with regards to the nuclear-cytosolic distribution, it
is clear that it is more abundant in sparse than in confluent
monolayers, again reflecting the importance of the extent of
cell—cell contact for ZO-2 distribution. The fact that even in
the transfection with the ANLS construct, lacking all the
NLS and RS repeats of the molecule, a strong nuclear-
cytosolic distribution is observed (75% in sparse cultures),
suggests the possibility that ZO-2 enters the nucleus by a
piggyback mechanism.

When we analyzed the staining pattern of the different
Z0-2 amino constructs, we observed that even with the
amino-ZO-2 ANLS segment, a speckled distribution is
displayed at the nucleus (Fig. 5B). Both the entrance to
the nucleus and the maintenance of the speckled pattern
could possibly be explained by the recent observation that
the DNA binding protein SAF-B (scaffold attachment
factor-B), which contains NLS and distributes in nuclear
speckles [30,31], interacts with the first PDZ domain of ZO-
2 [24]. Interestingly, in another study where MDCK cells
were transfected with an amino ZO-2 construct, lacking the
first PDZ but containing the RS repeats, the protein

appeared uniformly distributed in the nucleus and hardly
any speckles were visible [24]. Together, these observations
strongly suggest that for the ZO-2 amino segment to display
a speckled distribution at the nucleus, the presence of an
intact PDZ1 repeat is necessary.

When epithelial cells are transfected with full-length ZO-2,
the middle or the carboxyl-terminal domains of the molecule,
only the latter segment is efficiently expressed at the nucleus

Next, we proceeded to analyze the subcellular distribu-
tion of transfected full-length ZO-2, as well as of the middle
and carboxyl-terminal domains of the molecule. Fig. 5A
shows how the percentage of cells displaying a nuclear and
a nuclear-cytosolic distribution of full-length ZO-2 and of
3PSG is significantly lower than that observed with the
amino ZO-2 transfection. This result could be due to the
NES present in the GK domain of ZO-2 [8], which could
promote the export of the molecule from the nucleus, and to
the putative association of ZO-2 to occludin at the TJ,
through its GK region. Although the latter interaction has
not been demonstrated for ZO-2, it has been clearly estab-
lished for ZO-1 [4,32,33]. Here, a clear observation of
transfected full-length ZO-2 at the plasma membrane be-
came difficult due to the high amount of this protein present
in the cytosol.

In contrast, the percentage of cells displaying a nuclear
and nuclear-cytosolic (N + NC) distribution of the AP
domain of ZO-2 is somewhat similar to that observed with
the amino-ZO-2 construct. Although the AP region does not
posses any known NLS that could facilitate its entrance into
the nucleus, it associates to transcription factors Jun, Fos
and C/EBP, in pull-down and gel shift assays [18]. This
interaction could hence allow, by a piggy-back mechanism,
the nuclear import of the AP domain.

The amino constructs of ZO-2 are capable of inhibiting a
reporter gene controlled by AP-1, albeit at different
intensities

Recently, we demonstrated that ZO-2 is capable of
modulating the transcriptional activity of promoters con-
trolled by AP-1 [18]. When in that work we proceeded to
determine which segment of ZO-2 was responsible for such
an effect, we observed that the over-expression of the
amino-ZO-2 APDZ2,PDZ3 and the AP segments, but not
of the 3PSG region, repressed the activity of the reporter
gene CAT, controlled by AP-1 [18]. These effects correlate
with the respective nuclear presence and absence of the AP
and 3PSG segments, shown in Fig. 5A. Therefore, here we
proceeded to study if the activity of CAT varied in accor-
dance to the efficiency of the nuclear arrival of the different
amino constructs. We performed co-transfections of MDCK
cells with full-length ZO-2, the amino ZO-2 constructs or
their respective empty vectors (pGW1 and pcDNA4/His-
MaxB) and a CAT construction named TRE-CAT, which
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Fig. 6. A synthetic peptide corresponding to the second NES present in ZO-2 is able to direct ovalbumin from the nucleus to the cytoplasm in a leptomycin B-
sensitive manner. A mixture of 0.5 mg/ml rhodaminated (thod) albumin and 0.4 mg/ml ovalbumin (OVA) chemically conjugated to peptides corresponding to
the putative NES-1 (upper panels) or NES-2 (middle and lower panels) present in ZO-2 was microinjected into the nuclei of MDCK cells. The cells in the lower
panel were microinjected 1 h after treatment with 50 nM LMB. Cells were fixed 30 min after injection and stained with rabbit anti-OVA antibodies and
secondary anti-rabbit fluoresceinated polyclonals. The first column illustrates the nuclear confinement of the injected thodaminated albumin. In the second

column, we observe how the NES-1-OVA remains at the nucleus, whereas NES-2-OVA exports the nucleus in a LMB-sensitive mode.

contains five AP-1 sites upstream of the HSV thymidine
kinase promoter.

Fig. 5C shows how full-length ZO-2 significantly dimin-
ishes CAT activity relative to the empty vector, even if the
percentage of transfected full-length ZO-2 expressed at the
nucleus is relatively low (Fig. 5A). On analyzing the effect
of the different amino constructs, we observe how CAT
activity is almost completely abolished when the amino-ZO-
2 segment, which proved to be most effective in its arrival to
the nucleus (Fig. 5A), is transfected. In contrast, when the
amino ZO-2 ANLS and the amino-ZO-2 APDZ2, PDZ3
constructs were employed, a diminished inhibition of CAT
activity was detected (Fig. 5C), although both of these ZO-2
segments still enter the nucleus efficiently. These results
therefore suggest that the presence of the second PDZ
domain, which is absent in both amino ANLS and amino-
APDZ2,PDZ3 constructs, does not alter significantly the
entrance of the ZO-2 segments to the nucleus, but yet
appears to increase the ability of the molecule to regulate
AP-1-controlled promoters.

The second NES present in ZO-2 is able to translocate
ovalbumin form the nucleus to the cytoplasm in a
leptomycin B-sensitive way

Recently, we reported the presence of two NES in the
sequence of ZO-2 [8]. To test whether such leucine-rich
sequences can act as autonomous NES, the peptides
corresponding to residues 361-370 and 728—738 of canine
Z0-2 were synthesized and chemically conjugated to oval-
bumin resulting, respectively, in NES-1-OVA and NES-2-
OVA. When injected into the nucleus, NES-1-OVA
remained within the nucleus together with the co-injected
rhodaminated albumin (rhod-albumin) (Fig. 6, upper row).
In contrast, when NES-2-OVA was injected, it was excluded
from the nucleus almost completely within 30 min while the
co-injected rhod-albumin remained in the nucleus (Fig. 6,
middle row). The nuclear export of NES-2-OVA was sen-
sitive to leptomycin B treatment (Fig. 6, lower row), an
antifungal compound that exerts a potent and specific
inhibition of the NES-dependent nuclear export of proteins,

Fig. 5. Upon transfection, full-length ZO-2, the amino constructs and AP are expressed at the nucleus and are capable of diminishing the transcriptional activity
of promoters controlled by AP-1. (A) Sparse (S) and confluent (C) MDCK cells were transfected with full-length ZO-2 (B3 bars), the amino-ZO-2 (grey
bars), the amino-Z0O-2 APDZ2,PDZ3 (empty bars), the amino-ZO-2 ANLS (black bars), the 3PSG ZO-2 (RXXJ bars) and the AP ZO-2 (RSN bars) constructs
and treated with anti-tag antibodies to determine by immunofluorescence their subcellular localization. Quantification of the percentage of transfected MDCK
cells showing predominant nuclear (left inset), mixed nuclear-cytoplasmic (middle inset) or exclusively cytoplasmic (right inset) localization is shown. At least
400 cells were analyzed for each condition. (B) Speckled distribution pattern observed at the nuclei of MDCK cells transfected with the amino-Z0O-2 ANLS
construct. (C) Reporter gene assay in which cells were transiently co-transfected with full-length ZO-2, the amino ZO-2 segments or their respective empty
vectors pGW1 and pcDNA4/HisMaxB, plus a TRE-CAT construct that contains a promoter regulated by five AP-1 sites.
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by preventing their association with the export receptor
CRM /exportin [34].

Discussion

In this study, we focused on the characteristics of
nuclear ZO-2. We started our studies examining if ZO-2
is associated to proteins of the nuclear matrix. We found
that the carboxyl-terminal half of ZO-2 is associated to
lamin B;. However, we cannot determine whether this
interaction is direct or involves an intermediate protein
until a recombinant lamin B, is available for the assays.
The association of ZO-2 with lamin B could speculatively
suggest the participation of this MAGUK in chromatin
organization since lamin B, is involved in this nuclear
function [35]. We also detected interaction between ZO-2
and nuclear actin. Previous co-sedimentation studies had
shown that ZO-2 interacts directly with F-actin in vitro,
although it does not cross-link or bundle actin [7]. The
carboxyl-terminal of ZO-2 has been proposed to function as
the site of interaction with actin since an exogenously
expressed C-terminal ZO-2 construct distributes along actin
stress fibers in fibroblasts [4]. In confluent monolayers, a
continuous apical actin belt appears in the same focal plane
as that of proteins of the TJ, and treatment with cytocha-
lasin B or the PKC agonist DiC8 induces F-actin and ZO
proteins redistribution in similar patterns [7,36]. In these
studies however, actin filaments were not detected in the
nucleus. This apparent discrepancy resides in the fact that
cytoskeletal studies have generally employed phalloidin
staining of actin, and this compound binds only to actin
polymers. Instead, actin at the nucleus has been proposed to
exist either as monomers and short oligomers, or as long
filaments coated with proteins that obstruct the phalloidin-
binding pocket. Many reports have indicated the presence
of actin in the nucleus and provide evidence for the role of
actin in nuclear processes such as chromatin remodeling
and RNA splicing (for review, see Ref. [37]). Therefore, the
association of nuclear ZO-2 to actin could speculatively
suggests the participation of ZO-2 in such processes. In this
respect, we previously found that ZO-2 co-localizes with
splicing factor SC-35 at spliceosomes, and several splicing
factors have been found to associate to the nuclear matrix
[38—40]. Furthermore, the cytoskeletal protein 4.1 that has
been shown to co-immunoprecipitate with ZO-2 [41], is
also present at the nucleus where it co-localizes with SC-35
[42] and participates in the splicing activity of different pre
mRNA substrates [42].

The ZO-2 amino constructs here employed, including the
amino mutant lacking all the NLS and RS repeats, were
effectively expressed at the nucleus of sparse MDCK cells.
However, a more efficient arrival to the nucleus was
detected when all the NLS of the molecule were present.
These observations suggest that for entering the nucleus, the
Z0-2 amino segments might rely on their NLS as well as on

their association to other proteins that are constantly travel-
ing to the nucleus (piggy-back mechanism).

Recently, we reported the association of ZO-2 to tran-
scription factors Jun, Fos and C/EBP. We also showed that
the over-expression of ZO-2 inhibited the activity of a
reporter gene regulated by AP-1 promoters [18]. Here, we
illustrate how the amino ZO-2 segment is in the reporter
gene assay, even more effective than the full-length ZO-2,
probably due to its higher expression at the nucleus. The
diminished response obtained with the mutant amino ZO-2

* segments, in comparison with the complete amino construct,

reveals that to modulate gene expression, not only the
arrival to the nucleus is important, but also the presence
of particular domains in the construct. Thus, we suspect that
the presence of the second PDZ augments the inhibitory
function of ZO-2 upon AP-1-controlled promoters. We
previously reported that the 3PSG segment of ZO-2 exerts
no effect upon CAT expression, although in a pull- down
assay it interacts, albeit weakly, with Fos transcription factor
[18]. Now this result can be explained by the observation
that the 3PSG segment is not expressed in the nucleus. In
contrast, we had reported that the AP domain inhibits CAT
activity. This result can be reinforced by the observation,
that this protein, although containing no NLS, is capable of
effectively reaching the nucleus, probably by associating to
transcription factors Jun, Fos and C/EBP as previously
reported by us [18].

On analyzing the sequence of ZO-2 we previously
detected the presence of two putative NES, one within the
second PDZ domain and the other at the GK region of the
molecule [8]. Here, we have explored whether such signals
are functional by exploring their capability of exporting
chemically conjugated ovalbumin. Our results indicate that
while the second NES of ZO-2 works as a functional export
signal, the first one does not. This result conflicts with
recent work on MDCK cells showing that a transfected
amino ZO-2 construct containing NES-1 but not NES-2
exports the nucleus [24]. However, since in that study ZO-2
is able to leave the nucleus even when the construction lacks
both export signals, one might consider the possibility that
Z0-2 is also able to leave the nucleus by associating to other
molecules bearing NES. Alternatively, ZO-2 could be leav-
ing the nucleus through its possible association with nuclear
mRNA. As we previously observed [8], the first link of the
molecule is particularly enriched in R, RG and SRG
residues which in many proteins mediate interactions with
nuclear mRNA and ribosomal RNA at the nucleolus
[43,44].
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The polarized distribution of Na+ K*-ATPase plays a paramount physiological role, because either directly or through
coupling with co- and countertransporters, it is responsible for the net movement of, for example, glucose, amino acids,
Ca?*, K+, Cl—, and CO;H™ across the whole epithelium. We report here that the B-subunit is a key factor in the polarized
distribution of this enzyme. 1) Madin-Darby canine kidney (MDCK) cells (epithelial from dog kidney) express the
Na*+ K*-ATPase over the lateral side, but not on the basal and apical domains, as if the contact with a neighboring cell
were crucial for the specific membrane location of this enzyme. 2) MDCK cells cocultured with other epithelial types
(derived from human, cat, dog, pig, monkey, rabbit, mouse, hamster, and rat) express the enzyme in all (100%) homotypic
MDCK/MDCK borders but rarely in heterotypic ones. 3) Although MDCK cells never express Na* ,K*-ATPase at contacts
with Chinese hamster ovary (CHO) cells, they do when CHO cells are transfected with B,-subunit from the dog kidney
(CHO-pB). 4) This may be attributed to the adhesive property of the B,-subunit, because an aggregation assay using CHO
(mock-transfected) and CHO-g cells shows that the expression of dog f,-subunit in the plasma membrane does increase
adhesiveness. 5) This adhesiveness does not involve adherens or tight junctions. 6) Transfection of B,-subunit forces
CHO-B cells to coexpress endogenous a-subunit. Together, our results indicate that MDCK cells express Na* K*-ATPase
at a given border provided the contacting cell expresses the dog B;-subunit. The cell-cell interaction thus established

would suffice to account for the polarized expression and positioning of Na* K+-ATPase in epithelial cells.

INTRODUCTION

The membrane enzyme Na* ,K+*-ATPase of epithelial cells
serves two different but integrated roles. The first is the
translocation of ions across the plasma membrane as in other
cell types (Skou, 1957; Skou, 1998). The second stems from
its expression in a particular domain of the plasma mem-
brane (polarization), in such a way that it propels the trans-
location of Na* across the whole epithelium as proposed by
Koefoed-Johnsen and Ussing (1958). In turn, a combination
between the polarized distribution of Na* ,K*-ATPase and
the polarized expression of co-, countertransporters, and ion
channels drives the net transport of, for example, glucose,
amino acids, Ca%*, K*, CI~, and CO;H™ across epithelia
(Schultz and Curran, 1969; Cereijido and Rotunno, 1971;
Rabito and Karish, 1983). In keeping with these roles,
Na*,K*-ATPase is found to reside on the basolateral surface
in most epithelial cells (Cereijido et al., 1980; Ernst and Mills,
1980; Fambrough and Bayne, 1983; Kashgarian et al., 1985).
In a few other epithelial cells, such as those of the choroid
plexus (Wright, 1972), retinal pigment epithelium (Steinberg
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and Miller, 1979; Gundersen et al., 1991), and cockroach
salivary gland (Just and Walz, 1994), this enzyme is ex-
pressed on the opposite side of the cells but always in a
strictly polarized manner. '

Na* K*-ATPase is a heteromultimer comprised of three
subunits. The 110-kDa a-subunit bears the Mg?*, ATP, Na*,
K™, and ouabain binding sites and is therefore considered to
be the catalytic subunit of the enzyme. The B-subunit is a
glycoprotein of 4060 kDa that seems to be involved in the
structural and functional maturation of the holoenzyme
(Geering et al., 1989; Ackermann and Geering, 1990) and
subsequent transport of the a-subunit to the plasma mem-
brane (Noguchi et al., 1987; Fambrough, 1988; Takeyasu and
Kawakami, 1989). Ion transport requires the participation of
both a- and B-subunits (Noguchi et al., 1987; Horowitz et al.,
1990). These units assemble during or soon after biosynthe-
sis (Fambrough and Bayne, 1983), a requirement to exit from
the endoplasmic reticulum (Jaunin et al., 1992). Finally, there
is a small y-subunit (Forbush et al., 1978) that belongs to the
FXYD family that modulates Na*K*-ATPase activity
(Sweadner et al., 2000); it is not referred to in the present
work.

Although for macroscopic processes such as net trans-
epithelial fluxes and electrical potentials it is irrelevant
whether the pump is located at the basal or at the lateral side
of the cells, the results of the present work suggest that the
expression on the lateral plasma membrane facing the inter-
cellular spaces may be decisive for the polarized distribution
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Table 1. Percentage of expression of Na*,K*-ATPase in MDCK
cells contacts

Cell
Cell line Animal species Organ  morphology = ATPase
MDCK Dog Kidney Epithelial 100
CRFK Cat Kidney Epithelial 45
CF2TH Dog Thymus NA 37
PTK, Marsupial rat Kidney Epithelial 10
LLCPK, Pig Kidney Epithelial 6
Ma104 Monkey Kidney Epithelial 0
LLCMK2 Monkey Kidney Epithelial 0
NRK E52 Rat Kidney Epithelial 0
VERO Monkey Kidney Epithelial 0
293 Human fetal Kidney Epithelial 0
CHO Chinese hamster Ovary Epithelial 0
COs-7 Monkey Kidney Fibroblast 0
3T3 Mouse Embryo Fibroblast 0

Cells listed in the first column were labeled with CMTMR, mixed in
50:50 proportions with MDCK cells, plated at confluence and incu-
bated overnight. Monolayers were then fixed, treated with a first
antibody against the dog B;-subunit, and a second, fluoresceinated
one. These were then observed by confocal microscopy as described
in Figure 1. One or two hundred borders between MDCK/other cell
type were analyzed and scored positive if they exhibited green
fluorescence staining. Last column on the right shows the propor-
tion of heterotypic borders exhibiting ,-subunit (except for the first
line, where MDCK/MDCK have no heterotypic contacts). This sub-
unit of Na* K*-ATPase was present in 100% of the homotypic
MDCK/MDCK contacts and in a lower proportion in heterotypic
ones. NA, not available.

of the pump. We study this polarized expression in MDCK
cells. We describe the lateral expression of Na* K*-ATPase
in pure MDCK monolayers and in coculture with other cell
types, in particular when this other cell type has been trans-
fected with the dog B,-subunit. We observe that the expres-
sion of this subunit in Chinese hamster ovary fibroblasts
(CHO) cells up-regulates the coexpression of endogenous
a-subunit at the cell surface, confers cell adhesiveness, and
induces the expression of the pump in heterologous contacts
when cocultured with MDCK. Together, these results indi-
cate that the g-subunit plays a major role in the polarized
expression of Na*,K*-ATPase.

The present results were partially presented in overall
reviews (Cereijido ef al., 2000, 2001, 2003, 2004; Shoshani and
Contreras, 2001).

MATERIALS AND METHODS

Cell Culture

Starter cell cultures were obtained from the American Type Culture Collec-
tion (MDCK, CCL-34; LLC-PK1 CRL 1392; LLC-MK2, CCL-7; NRK-52E, CRL-
1571; PiK2, CCL-56; VERO, CCL-81; COS-7, CRL-1651;CRFK, CCL-94;
CF2TH, CRL-1430; 3T3, CL-173; and CHO, CCL-61; 293, CRL-1573). Ma104
cells (epithelial line derived from rhesus monkey kidney) were a generous gift
from Dr. E. Rodriguez-Bouldn (Cornell University, Ithaca, NY). MDCK and
Ma104 cells were cloned, and all experiments reported here were performed
in cells of clone 7 and 1, respectively. All cells were grown at 36.5°C in
disposable plastic bottles (3250; Costar, Cambridge, MA) in a 5% CO, atmo-
sphere (Forma Scientific CO, incubator, Steri-Cult 200). We used DMEM
(430-1600; Invitrogen, Carlsbad, CA), with 100 U/ml penicillin, 100 pg/ml
streptomycin (600-5145; Invitrogen), 0.8 U/ml insulin (Eli Lilly, Indianapolis,
IN), and 10% fetal calf serum (FCS) (200-6170; Invitrogen), except for CHO
cells that were cultured in a mixture of F12/DMEM. Cells were harvested
with trypsin-EDTA and plated on dishes with or without glass coverslips.

Plasmid Construct and Transfection

The full-length cDNA of dog kidney Na* K*-ATPase B;-subunit (cloned into
pKS*PA11; a generous gift from Dr. R. Farley, University of Southern Cali-
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fornia School of Medicine, Los Angeles, CA) was subcloned into the expres-
sion vector pIRESneo (previously known as pCIN4 from BD Biosciences
Clontech, Palo Alto, CA). Briefly, pKS*P211 was restricted with Spel and Sacl,
and the insert corresponding to the full-length 8, was then blunt end ligated
to the pCIN4 vector that was previously restricted with EcoRV. Two positive
clones of transformed bacteria were subjected to plasmid purification with
QIAGEN plasmid midi kit (catalog no. 12143; QIAGEN, Valencia, CA). The
transfection was as follows: CHO cells were plated at 90% density on glass
coverslips placed in a culture dish of 3 cm in diameter, in a serum-free
medium. Cells were then incubated for 5 h with a mixture of Lipofect AMINE
Plus (10964-013; Invitrogen) and 3 pg of the purified plasmid (pCIN4 [mock]
or pCIN4-B), as indicated by the manufacturer. Thereafter, the transfection
medium was removed, and the cells were incubated for additional 24 h with
fresh serum-containing medium to allow recovery. Subsequently, the cover-
slips were removed and processed for immunofiuorescence, to confirm the
transient expression. Then, 0.8 mg/ml G418 was added to select stable clones
expressing the dog Na+,K+-ATPase B;-subunit. Except for biotinylation and
Takeichi’s aggregation assays, in which various clones have been compared,
all the experiments were done with clone 10c that was chosen because it
expresses the dog Na*,K*-ATPase B;-subunit mainly in the plasma mem-
brane. Stable clones are maintained with 0.2 mg/ml G418 in F12/DMEM
mixture,

Mixed Monolayers

Cell mixture was performed as described previously (Contreras et al., 1995;
Cereijido et al., 2002). Briefly, usually the cell type different from MDCK
(CHO, CHO-B, Mal04, and normal rat kidney [NRK]) was prelabeled with 5-
(and 6-){[(4-chloromethyl)benzoyl]lamino}-tetramethylrhodamine (C-2927,
CellTracker Orange CMTMR; Molecular Probes, Eugene, OR). This was
achieved by incubating the cells for 1 h at 36.5°C, with CMTMR in dimethy!
sulfoxide added to the medium to a final concentration of 6.3 uM. Cells were
then washed three times with phosphate-buffered saline (PBS) solution, rein-
cubated for 1 h in DMEM supplemented with 10% FCS. Then, the cells are
trypsinized and the suspension is mixed with MDCK cells suspension, in
equal parts, to be cocultured on glass coverslips and processed the day after
for immunofluorescence assay.

Immunofluorescence Microscopy

For immunofluorescence microscopy, cells grown on coverslips were washed
with PBS and then fixed and permeabilized with ice-cold methanol for 5 min.
After washing with PBS, the cells were soaked in blocking solution (PBS
containing 5% fetal bovine serum) for 1 h. The cells were then incubated with
the first antibodies for 30 min at 37°C, washed 10 times quickly with PBS, and
thereafter incubated with the secondary antibodies for 30 min at room tem-
perature. All antibodies were diluted in blocking solution, and the following
secondary antibodies were used: Alexa 488-conjugated goat anti-mouse IgG,
(Molecular Probes) and CY5-goat anti-rabbit IgG (Zymed Laboratories, South
San Francisco, CA). After washing, as indicated previously, specimens were
mounted on glass slides with FluoroGuard antifade reagent (170-3140; Bio-
Rad, Hercules, CA) and observed with a confocal microscope (Bio-Rad MRC-
600 or Leica TCS SP2) (Leica, Hiena, Germany). The B;-subunit of the
Na+,K+*-ATPase was identified with a mouse monoclonal antibody donated
by Dr. M. Caplan (Yale University, New Haven, CT), and the a-subunit with
a polyclonal antibody (F592-594) donated by Dr. D. Fambrough (The Johns
Hopkins University, Baltimore, MD). Acquisition and analysis were per-
formed with the respective software (COMOS, Bio-Rad: LCS, Leica) and with
Image J from National Institutes of Health (Bethesda, MD).

Immunoblot

All the extraction steps are performed at 4°C. Monolayérs grown on 3-cm
dish were washed three times with PBS, and then 200 ul of RIPA buffer
containing 10 mM PIPES, pH 7.4, 150 mM NaCl, 2 mM EDTA plus 1%
Triton X-100, 0.5% DocNa, 10% glycerol, and protease inhibitors (Com-
plete, Mini; Roche Diagnostics, Indianapolis, IN) was added. The cells
were scrapped with rubber policeman, and the cell lysate collected into a
1.5-ml microcentrifuge tube. This was repeated with another 200 ul of
RIPA and then incubated for 30 min under continuous and vigorous
shaking. The extract was sonicated for 30 s and centrifuged 20 min at
14,000 rpm in a microcentrifuge. The supernatant was recovered, and its
protein content was measured with the BCA protein assay reagent (catalog
no. 23225; Pierce Chemical, Rockfield, IL) and subsequently boiled in
Laemmli sample buffer. The SDS-PAGE-resolved proteins were electro-
transferred to polyvinylidene difluoride (PVDF) membrane (RPN 303F,
Hybond-P; Amersham Biosciences, Piscataway, NJ), which were blocked
with 5% dry defatted milk and 3% bovine serum albumin (BSA) in PBS.
The proteins of interest were detected with the specific polyclonal or
monoclonal antibodies indicated above, followed by species-appropriate
peroxidase-conjugated antibodies (62-6120 and 62-6520, Zymed Laborato-
ries; and A-9037, Sigma-Aldrich, St. Louis, MO) and a chemiluminescent
detection system (RPN2132, ECL. PLUS; Amersham Biosciences).
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MDCK/nuclei

MDCK/Ma104
-ATPase

Polarizing Effect of Na*,K*-ATPase $-Subunit

MDCK/NRK E52

Figure 1. MDCK cells express B;-subunits at homotypic but not at heterotypic contacts. Localization of the B;-subunit (A, C, and E, green) of
Na* K*-ATPase and cell adhesion proteins (B, D, and F, green) was studied by immunofluorescence assay in MDCK cells derived from dog kidney. (A)
Monolayer of pure MDCK cells with nuclei stained with propidium iodide (red) shows that the B;-subunit is only expressed at the plasma membranes
in the lateral domain where cells contact each other. (B) Integrin o, 85 (green) shows the staining pattern of a membrane protein that is expressed at the
lateral as well as the basal membrane domain (inset). (C) MDCK cells (unstained) cocultured with Ma104 ones (derived from monkey kidney) that were
labeled beforehand with CMTMR (red). 8;-Subunit in mixed monolayer is only expressed in homotypic borders (MDCK/MDCK) but not in heterotypic
ones (MDCK/Mal04, empty arrows). (D) Pancadherin antibody (green) staining a conserved sequence of cadherins shows that these molecular species
are present at all cell borders in mixed monolayers, regardless of whether this contact is homo- or heterotypic. (E) Monolayer of mixed MDCK/NRK-E52
cells (epithelial line derived from normal rat kidney, red) showing that B-subunit (green) concentrates in homotypic MDCK/MDCK contacts, whereas

B-catenin, an adherent junction marker, is clearly observed in all cell-cell contacts (F, filled arrows). Bars, 20 um.

Biotinylation of Cell Surface Proteins

Confluent monolayers of stable clones of CHO cells expressing the dog
B,-subunit or the empty vector were rinsed twice with 5 ml of ice-cold PBS
containing 1 mM MgCl, and 0.1 mM CaCl, (CM-phosphate-buffered saline),
followed by the addition of 3 ml of the same ice-cold solution containing 0.5
mg/m] freshly added SULFO-NHS-55-biotin (Pierce Chemical) for 45 min.
Fresh buffer and biotin were added and incubated another 45 min. For
quenching, the plates were washed three times with CM-phosphate-buffered
saline containing 100 mM glycine. The cells were scraped in RIPA buffer for
10 min at 4°C, and the homogenates were centrifuged at 14,000 rpm, for 10
min. Protein of each lysate was used for precipitation (16 h at 4°C) with 30 ul
of Neutravidin beads (Pierce Chemical). The beads were washed four times
with RIPA buffer, and the final pellets were resuspended in 100 ul of 4X
Laemmli buffer and incubated 1 h at 37°C. The beads were pelleted, and the
solubilized proteins were separated by SDS-PAGE, transferred to PVDF
membranes and probed with antibodies directed against a- and B-subunits of
the Na+ K+-ATPase as indicated in Immunoblot.

Aggregation Assays

CHO cells stably expressing dog B;-subunit or the empty vector and MDCK cells
(as controls) were tested for their ability to aggregate with two different tech-
niques: hanging drop suspension cultures and classical cell aggregation assay.
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Hanging Drop Suspension Cultures (Thoreson and Reynolds, 2002). Cells
were trypsinized in the presence of EDTA, washed twice in PBS, and resus-
pended in F12/DMEM without serum. Cells (1.5 X 10%) in 30 ul of media were
suspended as hanging drops from the lid of a 24-well culture dish and
allowed to aggregate overnight in a humid 5% CO, incubator at 37°C.
Corresponding wells were filled with PBS to prevent drying of the drops.
Aggregation was evaluated 14-18 h after plating. To assay for tightness of
cell-cell adhesion, cells were subjected to shear force by passing them 10 times
through a standard 200-ul micropipette tip. Cells were observed through a
light microscope with 5X phase contrast objective (DMIRE2; Leica). For
quantification, after the pipetting stress, pictures (DC-300F; Leica) of individ-
ual fields of cells were scored for small (7-20 cells) or large (>20 cells)
aggregates. The data presented here are from three experiments in which 12
pictures were analyzed for each cell type. Results are expressed as mean * SE.

Classical Cell Aggregation Assay (Takeichi, 1977). Confluent monolayers
were treated with 0.2% (wt/vol) trypsin and 1 mM EDTA at 37°C for 5 min
and dispersed by moderate pipetting. Cells were resuspended in P buffer (145
mM NaCl, 10 mM HEPES, pH 7.4, 1.0 mM Na-pyruvate, 10 mM glucose, 3.0
mM CaCl,) complemented with Complete Mini (Roche Diagnostics) at 10°
cells/ml, except for the Ca2*-dependent experiments in which DMEM with
(1.8 mM) or without (5 uM) Ca?* was used. Cell suspension was placed in
1.5-ml microfuge tubes precoated with BSA and rotated on a gyratory shaker
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at 37°C for 3 h. Aggregation was stopped by adding 2% (vol/vol) glutaralde-
hyde. The extent of aggregation was assessed by fluorescence-activated cell
sorting (FACS) analysis of 50,000 events (FACS Vantage; BD Biosciences, San
Jose, CA).

Transepithelial Electrical Resistance (TER)

The degree of sealing of the tight junctions was assessed by measuring the
transepithelial electrical resistance (TER) (Cereijido et al., 1978, 2002). After
incubation under a given condition, the filter with the monolayer was
mounted as a flat sheet between two Lucite chambers with an exposed area of
0.69 cm?2. Current was delivered via Ag/AgCl electrodes placed at 2.0 cm
from the monolayer; the voltage deflection elicited was measured with a
second set of electrodes placed at 1.0 mm from the membrane. Values of TER
reported were obtained by subtracting the contribution of the filter and the
bathing solution. A given monolayer was used only for a single determination
and discarded to avoid leaks due to edge damage.

RESULTS

The Polarized Distribution of Na* ,K*-ATPase

Studies with radioactive tracers, short-circuit currents, sid-
edness of the effect of inhibitors, and [*H]ouabain labeling
had long anticipated that the Na* K*-ATPase would be
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Claudin-1

Figure 2. Absence of physiological and molecular
evidence for tight and adherent junctions in wild
CHO cells cultured in pure and mixed monolayers.
Immunoassays of a- and B-subunits of Na*K*-
ATPase in pure monolayers of CHO cells (nuclei
stained in red with propidium iodide) show no
evidence of this enzyme (A and B). (C-F) Mixed
monolayers of MDCK and CHO cells (red). E-cad-
herin (C) and B-catenin (D), which are specific
markers of epithelial adherent junctions, as well as
claudin-1 (E) and ZO-1 (F) corresponding to tight
junctions, are only present at MDCK borders (green).
(G) TER of monolayers of MDCK cells, mock-trans-
fected CHO cells, and CHO-f. Bars, 20 um.

found on the basolateral side (Cereijido et al., 1980, 1981,
2000, 2001; Louvard, 1980; Rabito and Tchao, 1980; Con-
treras et al., 1989). Yet, the study of the distribution of this
enzyme in at least 100 contacts (in each case) of confluent
monolayers of epithelial cells by using immunofluorescence
approach, provides some revealing details on this localiza-
tion (Table 1 and Figure 1). Foremost, the enzyme is local-
ized at the lateral border of the cell (Figure 1A) and not at
the basolateral one. Figure 1B showing «, fB;-integrin stain-
ing at lateral as well as basal domains demonstrates that the
confocal method used is able to detect a protein placed at
this border and that the absence of B;-subunit at the basal
membrane may not be attributed to a technical difficulty.
The lateral expression of this subunit seems to depend on
cell-cell contacts, as well as the nature of the neighboring
cell. Thus, when this neighbor is another MDCK cell, expres-
sion of Na* K*-ATPase is observed in 100% of the contact-
ing borders. This percentage markedly decreases in contacts
with other cell lines (Table 1). Actually, many borders that
we have scored as positive in heterotypic contacts were in
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Figure 3. Expression of a- and B;-subunits
in epithelial (MDCK) and fibroblastic CHO
cells. (A) Western blots using an antibody
against a-subunit (&) and dog B,-subunit (B).
As expected, MDCK cells show a heavy mark
due to glycosylated B;-subunits. Mock-trans-
fected CHO cells do not show a B,-subunit
band, whereas transfected ones (CHO-8) ex-
hibit two bands corresponding to B,-subunits.
Blotting with anti-a antibody shows heavy
staining in MDCK cells. The antibody cross-
reacts with the a-subunit of CHO cells. As
expected, CHO-B cells exhibit a much heavier
staining. (B) Western blots of biotinylated a-
and Bl-subunits expressed on the cell surface.
MDCK lane shows the usual migration pat-
tern of both subunits of total extracts (TE) and
cell surface extracts (BIOTIN). Mock-trans-
fected CHO cells show no signal, whereas
three different clones of CHO cells transfected
with the dog B;-subunit (C10c, C1, and C2)
express different levels of the exogenous pro-
tein at cell surface. Immunofluorescence con-
focal images of MDCK (C), 10c clone (D), and
clone 2 of CHO-B (E) stained against a- and
B-subunits of Na+,K+-ATPase. Each image is
accompanied by the transverse section. Nu-
clei were stained with propidium iodide
(red). MDCK cells show the typical chicken
fence pattern of both subunits. Transverse
sections show the exclusive lateral distribu-
tion of the Na+,K+-ATPase. CHO-8 clones
express the transfected dog Bl-subunit as
well as the endogenous a-subunit in the
plasma membrane Transverse optical sec-
tions below indicate that the Na*,K+-ATPase
in CHO-B is not polarized. Bars, 20 pm.
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fact due to faint labeling presumably caused by immature
contacts or rearrangement of cells in the monolayer. Not
even the fact that the neighboring cell derives from the same
animal species (e.g., dog thymus CF2TH cells) or from the
same organ {e.g., kidney) of other animal species (e.g., PTK,,
LLCPK,, and NRK-E52) ensures that MDCK cells would
express Na* K*-ATPase in the heterotypic border. A given
MDCK cell that expresses its B-subunit in a homotypic con-
tact does not express it on the other side, when this side
contacts a rat kidney cell (Figure 1E, NRK-E52). The same
observation is repeated with Ma104 (Contreras et al., 1995;
Figure 1C), LLCMK2, human embryonic kidney 293, VERO,
and CHO cells. This absence of expression of Na*,K*-
ATPase in heterotypic contacts between epithelial cells may
not be attributed to lack of intimate cell adhesion. Thus,
Figure 1, D and F, shows in two different cocultures
(MDCK/Mal104 and MDCK/NRK-E52) the expression of
cadherin (anti-pancadherin antibody) and B-catenin in both
homotypic and heterotypic borders. This is in agreement
with our previous results demonstrating that monolayers of
mixed epithelial cell types have the TER that could be ex-
pected from the TER of each cell type in pure monolayers,
and their proportion in the mixture (Gonzalez-Mariscal et 4.,
1989; Contreras et al., 2002). Furthermore, mixed and pure
monolayers had the same structure and arrangement of TJ
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strands in freeze fracture replicas (Gonzalez-Mariscal e al.,
1989). Contreras et al. (2002) have shown that these hetero-
typic contacts also express molecules such as E-cadherin,
Z0-1, and occludin. On the contrary, we were unable to
detect Na*, K*-ATPase in contacts with cells lines of fibro-
blastic morphology such as 3T3 and COS-7.

Ouverexpression of B-Subunit in CHO Cells

To study the role of the B-subunit in the polarized expres-
sion of Na* K*-ATPase, we selected CHO cells, because
MDCK cells do not express a detectable amount of Na* K*-
ATPase in its heterotypic borders with CHO (Table 1). As
shown in Figure 2, endogenous Na* K*-ATPase in CHO
cells cannot be detected with anti-dog antibodies, an obser-
vation that is repeated with adhesion-associated proteins
such as E-cadherin (Figure 2C), B-catenin (Figure 2D), clau-
din-1 (Figure 2E), or ZO-1 (Figure 2F), which are readily
observed in MDCK cells. Furthermore, when cultured as
layers on permeable supports, no considerable electrical re-
sistance is observed (Figure 2G). Accordingly, we trans-
fected CHO cells with the cDNA of dog B;-subunit and
obtained stable clones (CHO-B; see Materials and Methods).
Figure 3A shows that protein extracts of CHO-8 cells as-
sayed with an antibody against the dog B;-subunit exhibit a
major glycosylated band (~50 kDa) similar to the one de-
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tected in MDCK cells. This antibody does not recognize any
B-subunit in the mock-transfected CHO fibroblasts. On the
other hand, an antibody against the a-subunit of Na*,K*-
ATPase that recognizes a C-terminal conserved motif, shows
the typical ~110-kDa band in the Western blot correspond-
ing to a-subunit. Interestingly, the expression of endoge-
nous a-subunit in CHO fibroblast is very low (Figure 3A,
mock). Nevertheless, in CHO-B cells the expression of
a-subunit is more pronounced, resembling that of MDCK
cells. This could either reflect an increase in a gene expres-
sion or increased stability of synthesized a-subunit that is
now able to reach the plasma membrane. To assess whether
the expression of a-subunit induced by the overexpression
of B;-subunit reaches the cell surface, we used a biotinyla-
tion assay (Figure 3B). Mock-transfected CHO cells do not
express a- nor B;-subunit in their plasma membrane,
whereas the different clones of CHO-8 (C10, C1, and C2)
express both of them at the surface. These findings are in
accordance with the recent study from the Rajasekaran lab-
oratory (Rajasekaran ef 4l., 2004) indicating that in mamma-
lian cells, the Na* K*-ATPase B;-subunit is involved in
facilitating the translation of the o,-subunit mRNA in the
endoplasmic reticulum. Observations with immunofluores-
cence microscopy of MDCK, CHO, and CHO-B cells are in
keeping with the biotinylation data. Thus, MDCK cells show
a plasma membrane codistribution of both subunits (Figure
3C). Transverse optical sections confirm that the expression
of Na*,K*-ATPase occurs mostly at the lateral borders.
Mock-transfected CHO cells show no membrane staining
(Figure 2A), whereas CHO-B cells (clone 10c and clone 2,
Figure 3, D and E, respectively) show that both o- and
B;-subunits are localized at the plasma membrane, even
though a green staining spread throughout the cytoplasm is
observed. This may be due to overexpressed protein that is
trapped in intracellular compartments. Nonetheless, our ob-
servations suggest that the transfection of B;-subunit in
CHO cells up-regulates the expression of the endogenous «
ones.

Polarization of Na*,K*-ATPase in CHO Fibroblasts

Previous studies of various groups suggested that nonpo-
larized cells are capable of polarized plasma membrane
delivery, but they lack the spatial segregation of distinct
membrane targets (Musch et al., 1996; Yoshimori ef al., 1996).
Therefore, CHO-B fibroblasts were not expected to deliver
the pump to the plasma membrane in a polarized manner
unless appropriate extrinsic signals and asymmetric plasma
membrane cues are established, leading to a differentiated
apical/basolateral membrane domains formation (Shoshani
and Contreras, 2001; Cereijido et al., 2003). Indeed, the trans-
versal optical sections of transfected monolayers in Figure 3,
D and E, indicate that the pump distribution in CHO- cells
is not polarized. Moreover, in transfected CHO-B cells (Fig-
ure 4, green) cocultured with mock-transfected CHO cells
that were labeled beforehand with CMTMR (red), the
plasma membrane expression of the B;-subunit is observed
in both contacting and noncontacting cell borders, and,
again, it is not restricted to a particular pole of the cell.

Transfection of the B,-Subunit Confers Cell Adhesiveness

Fibroblastic CHO-g cells tend to form continuous layers, as
if they establish an intimately registered vicinity (Figure 3D).
Because these cells were not cotransfected with E-cadherin
and do not exhibit a significant electrical resistance across
themselves (28.3 * 1.5 cm?; Figure 2G), it could imply that
B-subunit is acting as an adhesion molecule, as observed by
Gloor et al. (1990) in glial cells. Therefore, to test the adhe-
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siveness conferred by the B-subunit to CHO cells, we used
the two aggregation assays described in Materials and Meth-
ods. In the first method (Thoreson and Reynolds, 2002),
CHO-B cells (Figure 5A) associate in small (7-20 cells) or
large (>20 cells) aggregates in a higher proportion than
mock-transfected cells (Figure 5B) (136 and 380% increase
for small and large aggregates, respectively; p < 0.001)
(Figure 5C). MDCK cells under the same experimental con-
ditions clump spontaneously (Figure 5D), except when the
medium was devoid of Ca?* (Figure 5E). To ensure that the
adhesiveness of CHO-B cells (clone 10c) does not depend on
the chosen clone, we performed a comparative aggregation
assay (Takeichi, 1977) followed by FACS analysis to four
separate B;-subunit expressing CHO-B clones and MDCK
cells. Our data reveal that the distribution of aggregates of
B;-transfected clones resembles that of MDCK cells. All
clones exhibit at least a 100% increase in adhesiveness with
respect to mock-transfected CHO cells, as reflected by the
relative density in the top right quadrant of the plot (Figure
5F). Furthermore, the adhesiveness in the absence (5 uM) or
presence (1.8 mM) of Ca2*, of mock-transfected (mock) and
B-transfected CHO cells (C10c) also was analyzed by FACS
(Figure 5G). The relative density in the top right quadrant of
the plot, of mock-transfected cells (0.98 and 0.68%, respec-
tively) and Cl10c cells (11.35 and 10.8%, respectively) sug-
gests that adhesiveness does not depend on extracellular
Ca?*. Together, these assays show that the B-subunit does
confer adhesiveness to the cells.

Figure 4. CHO fibroblasts (red) cocultured with CHO-8 stably
expressing the B,-subunit (green) of dog Na* K*-ATPase. Fibro-
blasts, either wild or transfected do not segregate from each other.
CHO-B cells express the dog B,-subunit at the membrane in hetero-
(empty arrow) and homotypic contacts, as well as free borders.
Optical transverse sections (below) show the expression of B;-sub-
unit all around the cell, confirming that fibroblasts do not express
this protein polarizedly. Bars, 10 um.
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Figure 5. Cell aggregation assay. The adhe-
siveness of CHO cells transfected with the
B-subunit was assayed following the two dif-
ferent aggregation assays described in Mate-
rials and Methods. (A) CHO cells transfected
with the empty vector (mock) are mostly iso-
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lated or in small aggregates (inset). (B)
CHO-B cells tend to aggregate in larger
clumps (inset). (C) Clumps were scored into
two groups: those with 7-20 cells (white bars)
and those larger than 20 cells (gray bars).
Groups of less than seven cells are not repre-
sented. The first two columns correspond to
mock-transfected CHO cells that tend to

group in small clumps of 7-20 cells. Transfec-
tion of B-subunit (last two columns) produces
a 136% increase in the number of small
clumps (p < 0.001) and a 380% in the number
of large clumps (p < 0.001). Each column
represents an average of 36 individual fields.
MDCK cells at the tip of the hanging drop
form a large clump in the presence of 1.8 mM
of Ca2?* (D), whereas in the absence of Ca®*
the cells are dispersed (E). (F) Dot plots de-
picting cell complexity (SSC height) versus
cell size (FSC height) of mock- and dog B;-
transfected CHO cells (clones C10c and C2).
All B,-transfected CHO cells exhibited at least
a 100% increase in adhesiveness as estimated
by the percentage of particles in the top right
quadrant of the plot (higher size and com-
plexity). (G) Dot plots of dog B,- (C10c) and
mock-transfected CHO cells in the absence
(—Ca?*) or presence (+Ca2*) of calcium ions
in the bathing medium during aggregation
assay.
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Coculture of MDCK and CHO Celis

If it is true that MDCK cells express the Na* ,K*-ATPase in
homotypic borders because the neighboring cell simulta-
neously expresses the same type of B-subunit (Figure 6), it is
expected that they will express the pump at heterotypic
contacts with CHO-8 cells. To test this possibility, we mixed
the two cell types and observed that heterotypic borders
between MDCK and CHO cells that do not express p-sub-
unit from the dog do not show the presence of Na* K*-
ATPase (Figure 7A). Yet, MDCK cells cocultured with
CHO-B cells do express the pump at both homo- and het-
erotypic contacts (Figure 7B). To discard the possibility that
this expression at heterotypic contacts of MDCK cells were
attributed to induction of E-cadherin or other bona fide
adhesion-associated proteins in CHO-8 cells, we stained the
mixed monolayers with antibodies against several adhesion
markers. Figure 7, C-F, shows that epithelial adherent pro-
teins (E-cadherin and B-catenin) as well as tight junction
proteins (claudin-1 and ZO-1) are not detected in CHO-8
cells.
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DISCUSSION

Although the asymmetry of epithelia was discovered by
Emile Du Bois Raymond in the second half of the nineteenth
century, it took the introduction of radioactive tracers, the
devise of electrophysiological techniques, and another cen-
tury to show that epithelia are in fact able to transport net
amounts of a given substance all the way across themselves
(for a historical sketch, see Cereijido et al., 2003, 2004). Even-
tually, the Na* ,K*-ATPase, which had been shown to ac-
count for the transport of Na* and K* across the plasma
membrane of individual cells, was found to be also the
provider of electrochemical gradients that drive the net
movement of sugars, amino acids, and other ion species. Yet
to fulfill these transepithelial transports, it is not sufficient
that the enzyme is placed at the plasma membrane of epi-
thelial cells, but it also must be present in one of the poles
only. This polarization is far from being understood, but
several characteristics provide some clues: 1) Na* K+-ATPase
is not a basolateral protein as generally assumed, but just
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Figure 6. Schematic representation of Na* K*-ATPases located at
the lateral border of epithelial cells. The a-subunit with its 10
transmembrane domains is represented. The B-subunit is depicted
with a single transmembrane segment and a long extracellular
domain containing three S-S links (gray dots) and three glycosyla-
tion sites (green). The structure and function of the enzyme requires
that both subunits interact closely and strongly; yet for clarity, these
are represented as molecules placed far from each other. For the
same reason, y-subunit is omitted. On the right-hand side two
B-subunits belonging to neighboring cells are represented as span-
ning the intercellular space. The present results suggest the possi-
bility that a B-B linkage anchors the Na* ,K*-ATPase at the lateral
borders of epithelial cells. The question mark indicates that we
ignore whether the -8 interaction would be a direct one or medi-
ated by an as yet unknown molecule.

lateral (Figure 1). 2) The different isoforms of B-subunits
have the typical structure of a cell attachment protein: short
cytoplamic tail, a single transmembrane domain, and a long
and highly glycosylated extracellular domain (Shull et 4l,
1986) (Figure 6); 3) in fact, B,-subunit was found to act as a
cell attachment protein (Gloor et al., 1990) that has a high
degree of homology with the B;-isoform expressed by
MDCK cells. Accordingly, our first step was to demonstrate
that transfected CHO cells do express this subunit (Figure
3A, CHO-B) and that this expression takes place at the
plasma membrane (Figure 3B) and confers an adhesiveness
that prompts the cells to adapt their borders and adopt an
“epithelioid” shape (Figure 3, D and E). Yet, this is not a true
epithelial arrangement, because CHO-8 layers do not exhibit
the typical electric resistance across (Figure 2G), and they
fail to express molecular markers of TJs (Figures 2 and 7).
We shall now elaborate on the observations mentioned
above.

Expression of Transfected B-Subunits Confers
Adhesiveness to CHO Cells

It may be stressed that the transfection of CHO cells with
dog B-subunit is just an experimental tool to present this
subunit to MDCK cells. The fact that upon transfection with
B;-subunit CHO-B cells adjust their borders in closer con-
tact, resembles the “epithelization” observed by Mcneill et al.
(1990) upon transfection of E-cadherin in L-fibroblasts. Fur-
thermore, these authors have shown that this epithelization
brings about the polarization of Na* K*-ATPase. Therefore,
it is pertinent to point out that we have not transfected
E-cadherin, nor found an endogenous E-cadherin either be-
fore nor after the expression of B;-subunit. Rajasekaran et al.
(2001) demonstrated that MDCK cells whose polarity was
impaired by transformation with Moloney Sarcoma Virus
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can partially recover some of their epithelial attributes upon
transfection of Na* K*-ATPase B,-subunit. This recovery is
more evident when E-cadherin is cotransfected. A virus-
transformed epithelial cell, however, may not be equated
with a fibroblastic CHO cell, because they lack E-cadherin
among other epithelial molecules. Therefore, it is not sur-
prising that CHO cells would not express the pump in a
polarized manner upon transfection of 8;-subunit.

CHO-B cells would not show signs of forming TJs either.
This can be tested through the value of the electrical resis-
tance (ER) across the cell layer. ER has two main compo-
nents in parallel: the transcellular and the paracellular route.
Because in most epithelia with resistances below 1.0 KQ-cm?
the resistance of the transcellular route is several orders of
magnitude higher than the paracellular one, a measurement
of ER across the whole cell Iayer only reflects the permeabil-
ity of the paracellular route (Cereijido et al., 1983). Such is the
case of MDCK monolayers studied in the present work
(207 = 14 Qrcm?; Figure 2G). In turn, the ER of the paracel-
lular route has two components arranged in series: the re-
sistance of the tight junction and that of the intercellular
space (ICS). In an epithelium with an ER above some 30
Qrem?, the contribution of the ICS is insignificant. The ER of
CHO layers is instead negligible (Figure 2G). Even when
upon transfection of B-subunit ER achieves 28.3 *+ 1.5 {:cm?
(p < 0.001), this relatively low value may be attributed to a
narrowing of the ICS. Together, transfection of B;-subunit,
which confers adhesiveness and adoption of an “epithelial”
shape of CHO-B cells, may not cause a true epithelization
nor the synthesis and assembly of adherens and TJs.

B-Subunit Stabilizes the Lateral Distribution of the
Sodium Pump in Epithelial Cells

Three models have been proposed for the polarized expres-
sion of Na*K*-ATPase in epithelial cells. One involves
intracellular sorting of newly synthesized proteins at the
Golgi apparatus, followed by a vectorial delivery of the
Na* K*-ATPase molecules to a distinct surface domain
(Caplan et al., 1986; Zurzolo and Rodriguez-Boulan, 1993).
Unfortunately, so far multiple efforts to identify an address-
ing signal in the a-subunit of this enzyme were not success-
ful (Gottardi and Caplan, 1993; Dunbar and Caplan, 2000;
Dunbar et al., 2000). An alternative model emphasizes ran-
dom delivery of newly synthesized Na* K*-ATPase mole-
cules to the entire plasma membrane, but selective retention
of this protein at specific sites of the plasma membrane by
attachment to the submembrane cytoskeleton (Nelson and
Hammerton, 1989; Hammerton et al., 1991). Although the
association of the cytoskeleton with already polarized
Na* K*-ATPase has not been disputed, this model might
not explain why the enzyme binds to the cytoskeleton in the
membrane facing the intercellular space, and not some-
where else. In the present work, we explored the possibility
that, independently of the sorting and addressing mecha-
nisms that handle Na* K*-ATPase from the trans-Golgi to
the plasma membrane, the specific position of this enzyme is
primarily due to the retention provided by an anchorage
between the B-subunits in neighboring cells.

The fact that MDCK cells do not express Na* K*-ATPase
in heterotypic borders with NRK-E52 cells that derive from
the same organ (kidney) and express the same type of iso-
form (B;) suggests that the B-subunit association may be a
species-specific one. Although this is in keeping with our
central tenet regarding the role of the B-subunit, the speci-
ficity of the B-subunit association must await further studies
using subunits derived from different animal species.

Molecular Biology of the Cell
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Figure 7. Expression of dog B;-subunit in CHO cells induces MDCK cells to express their Na* K*-ATPase at heterotypic borders. MDCK
cells were cocultured with CHO fibroblasts (red) and assayed with antibody raised against the B;-subunit of the dog (green). (A) MDCK cells
only express the protein in homotypic MDCK/MDCK borders but not in those contacting mock-transfected CHO cells (empty arrows). (B)
MDCK cocultured with CHO-8, now express their B-subunit at both homo- and heterotypic contacts (filled arrows). This induction may not
be attributed to adherens nor tight junctions as CHO-8/MDCK monolayers show that B-catenin (C), E-cadherin (D), ZO-1 (E), and claudin-1

(F) are only expressed by MDCK cells.

Studies from Geering’s laboratory (Geering et al., 1989;
Ackermann and Geering, 1990; Geering, 1990; Jaunin et al.,
1992) indicate that a- and B-subunits are associated from
their early posttranslation steps in the endoplasmic reticu-
lum and were never observed to be delivered to the plasma
membrane separately. In agreement with these observations,
and with recent work from Rajasekaran laboratory (Rajas-
ekaran et al., 2004), we show that the expression of trans-
fected B,-subunit from the dog in CHO-8 cells induces the
coexpression of hamster a-subunit (Figure 3).

Actually, the relationship between the polarized expres-
sion of the pump (P) constituted by Na* ,K*-ATPase and the
attachment (A) provided by its B-subunit was expected on
three different grounds: 1) The already mentioned observa-
tion from Gloor et al. (Gloor et al., 1990; Schmalzing et al.,
1992; Muller-Husmann et al., 1993) that the B-subunit has the
typical structure of an adhesion molecule and functions as
such; 2) studies from the Takeyasu laboratory (Takeyasu et
al., 2001; Okamura et al., 2003a,b) pointing out that early in
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evolution, an ancestor of this subunit was expressed inde-
pendently of the « one, a circumstance that may still be
present in organisms such as Caenorhabditis elegans and that
shows that it may be involved in other functions besides of
ion pumping; and 3) moreover, we have found in previous
work that the occupancy of Na* K*-ATPase by ouabain
(Contreras et al., 1999) or other molecules able to inhibit the
pump (Contreras et al., 2004) triggers a cascade of phospho-
rylations that results in retrieval of attaching molecules in
the so called P—>A mechanism. For further reviews of these
aspects, see Cereijido et al. (2004). :

In summary, although the a-subunit of the Na* K*-
ATPase accounts for most of the properties of the enzyme
(ATP hydrolysis, Mg2* binding, Na* and K* translocation,
and ouabain binding), the B-subunit role seems to be re-
duced to a partner of a-subunit. Yet, in the present work, we
observe that, due to the adhesiveness it confers, it may
establish a linkage with a similar subunit located in a neigh-
boring cell across the intercellular space and be responsible
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for the polarized expression of Na* K*-ATPase in epithelial
cells.
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Molecular mechanisms mediating the anti-proliferative effects
of Vitamin D in prostate cancer
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Abstract

Calcitriol (1,25-dihydroxyvitamin D3) inhibits the growth and stimulates the differentiation of prostate cancer (PCa) cells. The effects of
calcitriol are varied, appear to be cell-specific and result in growth arrest and stimulation of apoptosis. Our goal was to define the genes
involved in the multiple pathways mediating the anti-proliferative effects of calcitriol in PCa. We used cDNA microarray analysis to identify
calcitriol target genes involved in these pathways in both LNCaP human PCa cells and primary prostatic epithelial cells. Interestingly, two of
the target genes that we identified play key roles in the metabolism of prostaglandins (PGs), which are known stimulators of PCa cell growth
and progression. The expression of the PG synthesizing cyclooxygenase-2 (COX-2) gene was significantly decreased by calcitriol, while that
of PG inactivating 15-prostaglandin dehydrogenase gene (15-PGDH) was increased. We postulate that this dual action of calcitriol would
reduce the levels of biologically active PGs in PCa cells decreasing their proliferative stimulus and contribute to the growth inhibitory actions
of calcitriol. In addition, we propose that calcitriol can be combined with non-steroidal anti-inflammatory drugs that inhibit COX activity, as

a potential therapeutic strategy to improve the potency and efficacy of both drugs in the treatment of PCa.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Prostate cancer (PCa) is the most commonly diagnosed
malignancy and the second leading cause of cancer death in
North American men. Primary therapy to treat PCa involves
the surgical removal of the prostate or radiation therapy.
However, in many men the cancer progresses to advanced
or metastatic disease. Androgens play a crucial role in the
development, growth and maintenance of the prostate. Most
patients with metastatic PCa who have failed the primary
therapy, receive drugs that block the production of andro-
gens [1]. Although most men have a good initial response
to the androgen deprivation therapy, almost all of them
will eventually relapse after an average of 2-3 years. This
progression develops when the cancer has evolved from
androgen-dependent to androgen-independent PCa (AIPC)
with limited treatment options and becomes ultimately lethal.
1,25-Dihydroxyvitamin D3 (calcitriol), the active metabolite

* Corresponding author. Tel.: +1 650 725 2910; fax: +1 650 725 7085.
E-mail address: feldman@ cmgm.stanford.edu (D. Feldman).

0960-0760/$ ~ see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jsbmb.2005.06.012

of Vitamin D, has emerged in recent years as a promising
therapeutic agent in the treatment of PCa [2-11]. Calcitriol
is an important regulator of calcium homeostasis and bone
metabolism through its actions in intestine, bone, kidney
and the parathyroid glands [12]. In addition to these clas-
sical actions, calcitriol also exerts anti-proliferative and pro-
differentiating effects in a number of tumors and malignant
cells including PCa raising the possibility of its use as an
anti-cancer agent.

2. Calcitriol and prostate cancer
2.1. Epidemiological and genetic studies

PCa development has been shown to be associated with
age, genetic factors and race [1]. Various studies indicate that
dietary [13] and environmental factors also play a role in PCa
genesis. Epidemiological data provide a strong correlation
between the exposure to sunlight and the prevalence of cer-
tain cancers, particularly prostate cancer [14]. Since UV light
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is essential for Vitamin D synthesis in the skin, these studies
have led to the suggestion that low circulating levels of cal-
citriol increase the probability of developing PCa. Moreover,
polymorphisms in the gene encoding the Vitamin D receptor
(VDR), which mediates the biological activity of calcitriol,
may be involved in the development and or progression of
PCa[2-11,13,15].

2.2. Prostate as a target for calcitriol

Many studies have demonstrated a beneficial effect of
calcitriol to inhibit PCa growth and progression [2-11]. Cal-
citriol exerts anti-proliferative actions in several PCa cell
lines [16-18], as well as in primary cultures of normal and
cancer cells derived from surgical specimens taken from men
with PCa [19]. The inhibition of PCa cell growth is seen
in both androgen-dependent and AIPC cells [20]. Several
in vivo studies on tumor xenografts established by trans-
planting clinical prostate tumors or cultured human PCa
cells into immune-deficient mice have also demonstrated the
tumor inhibitory effects of calcitriol [2-11]. The concentra-
tions of calcitriol required for eliciting a significant growth
inhibitory response in vivo causes hypercalcemia as a side
effect. Therefore, investigators have used structural analogs
of calcitriol that exhibit reduced calcemic effects in in vivo
studies [2-7,16]. Recent findings suggest that large doses of
calcitriol can be safely given to patients if administered inter-
mittently [8,10].

3. The role of calcitriol metabolism in cellular
responsiveness to the hormone

3.1. 25-Hydroxyvitamin D3-1-a-hydroxylase (CYP27B1)

25-Hydroxyvitamin Ds3-1-o-hydroxylase (la-hydroxy-
lase or CYP27B1) is the enzyme mediating the conversion
of 25(OH)Ds to calcitriol in the kidney, which is the major
site of calcitriol synthesis [12]. Interestingly, it has been found
that 1a-hydroxylase is also expressed in tissues other than the
kidney including the prostate [21]. This suggests that prostate
tissue is able to produce calcitriol locally and raises the pos-
sibility that hypercalcemia could be bypassed by treatment
with 25(OH)D3;. However, we and others [22,23] demon-
strated a substantial reduction in la-hydroxylase activity in
human PCa cell lines and cancer derived primary prostate
epithelial cells compared to the cells derived from normal
prostate or benign prostatic hyperplasia (BPH). Based on
these findings we speculate that administration of 25(OH)Dj3
to patients is unlikely to be effective as treatment of estab-
lished PCa. However, the fact that normal cells exhibit high
la-hydroxylase activity indicates that 25(OH)D3 may be use-
ful as a chemopreventive agent due to its local conversion to
the active hormone within the normal prostate. The cause for
the decreased expression of la-hydroxylase in cancer cells
remains to be determined.

3.2. Differential sensitivity to calcitriol action and
24-hydroxylase (CYP24) expression

24-Hydroxylase or CYP24 is the enzyme that initiates
calcitriol catabolism in target cells [12]. Calcitriol induces
the expression of CYP24 in target cells. Therefore, calcitriol
initiates its own inactivation. CYP24 is widely expressed in
calcitriol target tissues including the prostate [16]. We and
others have demonstrated that the anti-proliferative action of
calcitriol varies among PCa cells and is inversely related to
the level of CYP24 [16,18]. For example, the DU145 PCa
cells, which are resistant to the growth inhibitory action of
calcitriol, exhibit a high expression of CYP24. Treatment of
the DU145 cells with liarozole, an inhibitor of P450 enzymes,
sensitizes the cells to the anti-proliferative actions of calcitriol
[24]. Similarly, Peehl et al. showed that the combined treat-
ment with the general P450 inhibitor, ketoconazole and cal-
citriol or its analog EB 1089, increased their growth inhibitory
actions [25]. These results strongly suggest that the combi-
nation of calcitriol with P450 inhibitors is a useful strategy to
enhance the anti-cancer activity of calcitriol in PCa treatment.

4. Clinical studies of calcitriol effects in PCa

A pilot clinical study from our lab provides evidence that
calcitriol effectively slows the rate of rise of serum pro-
static specific antigen (PSA) in patients with early recurrent
PCa after radical prostatectomy or radiation therapy [26].
However, the amount of calcitriol administered was limited
by the development of hypercalciuria. Recent advances in
the design of calcitriol analogs have resulted in potential
drugs with increased potency and less tendency to cause
hypercalcemia [2-11]. The beneficial effects of calcitriol
have been observed only at supra-physiological concentra-
tions (>1 nmol/L). These high concentrations might be more
safely achieved without causing persistent hypercalcemia if
calcitriol is administered intermittently [8,10]. Recent tri-
als using intermittent high doses of calcitriol in combination
with chemotherapy drugs have shown a beneficial effect in
advanced PCa [27] with calcitriol potentiating the anti-tumor
effects of many cytotoxic agents [28]. Trump et al. completed
a phase II study of calcitriol and dexamethasone in AIPC.
This study showed a significant slowing in PSA rise in 80%
of the patients with the stabilization or decrease in PSA in
34% [10]. We believe that calcitriol or a new analog will prove
to be a very useful adjunct for the therapy of both androgen-
dependent PCa and AIPC. It is also possible that calcitriol
therapy will prove to be useful in PCa chemoprevention.

5. Molecular mechanisms mediating anti-cancer
response to calcitriol in PCa

The mechanisms governing the anti-proliferative actions
of calcitriol are not fully known [2-11]. A number of
important pathways have been shown to have a role in
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calcitriol-mediated growth inhibition. A primary mechanism
of calcitriol action is to induce cell cycle arrest in the G/Gp
phase. The growth arrest appears to be due to an increase
in the expression of cyclin-dependent kinase inhibitors
p21WafCipl apd p27KiPl 3 decrease in cyclin-dependent
kinase 2 (Cdk2) activity, accompanied by a reduction in
the nuclear fraction of this molecule and the hyperphospho-
rylation of the retinoblastoma protein (pRb). In addition,
calcitriol induces apoptosis in some cells and down-regulates
some anti-apoptotic genes, like bel-2. Loss of the expression
of cell cycle regulators has been associated with a more
aggressive cancer phenotype, decreased prognosis and
poorer survival. This suggests that calcitriol may be a
suitable therapy to inhibit PCa progression [2-11]. Studies
from our laboratory have implicated the increased expression
of insulin-like growth factor binding protein-3 (IGFBP-3)
in the growth inhibition induced by calcitriol which in turn
increases p21W2/CiPt expression [29]. Other mechanisms of
calcitriol actions in PCa cells include the stimulation of differ-
entiation, modulation of growth factor actions and the inhibi-
tion of invasion and metastasis [2-11]. Some in vivo studies
have also demonstrated that the inhibition of angiogenesis
contributes to the anti-tumor effects of calcitriol [2-11].

6. Novel calcitriol target genes

We performed cDNA-microarray analyses of normal and
cancer-derived primary prostatic epithelial cells and LNCaP
human PCa cells [30,31] to identify the molecular targets by
which calcitriol mediates its effects on PCa cells. Table 1
presents some of the genes regulated by calcitriol in prostate
cells. Our studies have recently shown that calcitriol regulates
the expression of the genes involved in prostaglandin (PG)
metabolism which has led us to hypothesize a new pathway
for the anti-cancer activity of calcitriol, namely the regulation
of PG metabolism [30,31].

6.1. Calcitriol effects on prostaglandin metabolism

Our microarray analyses showed that calcitriol up-
regulates the expression of NAD*-dependent 15-hydroxy-
prostaglandin dehydrogenase (15-PGDH) in LNCaP and
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Fig. 1. Regulation of 15-PGDH and COX-2 by calcitriol in LNCaP celis
and normal primary prostatic epithelial cells. LNCaP human prostate cancer
cells or primary human prostatic epithelial cells derived from normal prostate
were treated with calcitriol (50nM) for 6 (O) or 24h (H). PolyA* RNA
was isolated and cDNAs were hybridized to a 24.192 element array. Data
represent mean fold of increase or decrease of gene expression. (Adapted
from Krishnan et al. [30] and Peehl et al. [31].)

normal primary prostate epithelial cells (see Fig. 1) [30,31].
Calcitriol also suppresses the expression of prostaglandin-
endoperoxide synthase gene, also known as cyclooxygenase-
2 (COX-2) in LNCaP cells (see Fig. 1). We have confirmed
calcitriol regulation of these two genes by real time RT-
PCR analysis. These data suggest that the regulation of PG
metabolism could be an important molecular pathway of cal-
citriol action in prostate cells.

6.1.1. COX-2

Prostaglandins play a role in the development and pro-
gression of PCa (for a review see Ref. [32]). Accumulating
evidence implicates PGs as mediators of proliferation of PCa
[33]. PG synthesis begins with the intracellular release of
arachidonic acid (AA) from plasma membrane via the action
of phospholipase A2. COX is the rate-limiting enzyme that
catalyzes the conversion of AA to PGs [34]. The expres-
sion of COX-2 is rapidly induced by a variety of mitogens,
cytokines, tumor promoters and growth factors, and there-
fore COX-2 is regarded as an immediate-early response gene
[34]. Compelling evidence from genetic and clinical studies
indicates that increased expression of COX-2 is one of the

Table 1
Genes modulated by calcitriol in prostate cells
Gene Cell type Fold change

6h 24h
Insulin-like growth factor binding protein-3 LNCaP 2.42 33.2
Vitamin D 24-hydroxylase Normal prostate primary cells 79.1 82.5
Vitamin D 24-hydroxylase PCa-derived epithelial cells 78.1 46.1
15-Hydroxyprostaglandin dehydrogenase Normal prostate primary cells 1.2 : 2.3
15-Hydroxyprostaglandin dehydrogenase LNCaP 0.95 2.66
Cyclooxygenase-2 LNCaP —0.66 -2.13

Adapted from Krishnan et al. [30] and Pechl et al. [31].
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key steps in carcinogenesis. Constitutive and high-levels of
COX-2 activity have been detected in colon, lung, breast and
prostate cancer [33,35]. It is known that high levels of PGE;,
one of the products of COX-2 activity, stimulate epithelial
cell growth [33], promote cell survival and invasion [36].
Several studies have demonstrated COX-2 over-expression
in prostate adenocarcinoma [32,37] suggesting a positive
role for COX-2 in prostate tumorigenesis. COX-2 expression
appears to be linked to cell survival. For example, COX-2
over-expression leads to the stabilization of survivin [38],
a member of the inhibitor of apoptosis protein family that
block caspase activation. The stabilization of survivin alters
the balance between pro- and anti-apoptotic pathways lead-
ing to resistance to apoptosis. COX-2 expression has also
been associated with angiogenesis and tumor metastasis [37]
and the administration of a COX-2 inhibitor suppresses the
growth of prostate tumor xenograft in mice by inhibiting
angiogenesis [32]. We have found that calcitriol treatment
decreases COX-2 gene expression in PCa cells (Fig. 1) [30].
Our data suggest that COX-2 suppression by calcitriol might
contribute to the hormone’s tumor inhibitory actions and anti-
metastatic potential.

6.1.2. 15-PGDH

15-PGDH catalyzes the conversion of PGs into mostly
inactive 15-keto derivatives [39]. A growing body of evidence
has implicated 15-PGDH as a potential target for cancer ther-
apy [40,41]. Various studies indicate that 15-PGDH acts as
a putative tumor suppressor gene in lung cancer [41]. Back-
lund et al. [42] demonstrated a down-regulation of 15-PGDH
expression in colorectal carcinoma. 15-PGDH has recently
been described as an oncogene antagonist that functions as
a tumor suppressor in colon cancer [43]. The study found
that 15-PGDH, which physiologically antagonizes COX-2,
was universally expressed in normal colon specimens but
was routinely absent or severely reduced in cancer speci-
mens. The study also showed that 15-PGDH expression was
induced by transforming growth factor B (TGFR) and that
colon tumor cells exhibited mutations in TGF receptors or
the genes involved in the SMAD signaling pathway explain-
ing the decreased 15-PGDH levels in colon cancer. Most
importantly, stable transfection of a 15-PGDH expression
vector into cancer cells greatly reduced the ability of the cells
to form tumors and/or slowed tumor growth in nude mice. The
authors concluded that 15-PGDH suppressed the effects of
the oncogene COX-2 and had an additional effect to inhibit
angiogenesis in vivo [43]. Our studies show an up-regulation
of 15-PGDH gene expression by calcitriol in normal and
malignant prostate cells (Fig. 1) [30,31] and this regula-
tion might mediate some of the anti-cancer effects of cal-
citriol. Interestingly, calcitriol has also been shown to induce
the expression of 15-PGDH in human neonatal monocytes
[44].

Based on our observations summarized in Table 1, we
hypothesize that calcitriol treatment of PCa cells would
reduce the levels of biologically active PGs due to its dual

actions to reduce COX-2 expression and increase 15-PGDH
expression. We further propose that the modulation of PG
metabolism is an important molecular mechanism mediating
the anti-proliferative and anti-metastatic activities of cal-
citriol.

7. Calcitriol and NSAIDs

Recent exciting findings show that non-steroidal anti-
inflammatory drugs (NSAIDs) exert chemopreventive effects
in several cancers [32,45]. NSAIDs have also been shown to
suppress PCa development and progression [32,46]. The pri-
mary action of NSAIDs is to inhibit PG synthesis by directly
inhibiting the enzymatic activity of COX-1 as well as COX-
2. Many in vitro and in vivo studies have demonstrated that
NSAIDs inhibit PCa growth and cause apoptosis of PCa
cells {32,45]. However, many NSAIDs exhibit differences
between their ability to inhibit COX-2 and to induce apopto-
sis suggesting that apoptosis induction may be independent
of COX-2 inhibition [47]. The actions of NSAIDs on 15-
PGDH are not clear. While many NSAIDs have been shown
to inhibit the enzymatic activity of 15-PGDH [48], the non-
selective NSAID indomethacin has been reported to enhance
the expression and activity of 15-PGDH in thyroid carcinoma
[49].

We hypothesize that the combination of calcitriol and
NSAIDs would be additive/synergistic in their activity to
inhibit PCa growth. The action of calcitriol at the genomic
level to suppress COX-2 gene expression will decrease the
levels of COX-2 protein and allow the use of lower concen-
trations of NSAIDs to inhibit COX-2 enzyme activity. The
action of calcitriol to increase 15-PGDH expression would
also complement NSAID action. The use of COX-2 selec-
tive NSAIDs has recently been shown to cause some serious
cardiovascular side effects, such as increased risk of heart
attacks, stroke, sudden death and blood clots [50]. The unde-
sirable effect of calcitriol therapy is limited to hypercalcemia.
We propose that a combination therapy of calcitriol with
a NSAID would allow the use of lower concentrations of
both drugs, thus reducing their individual side effects while
increasing their anti-proliferative and pro-apoptotic activi-
ties.

8. Conclusions

Our research is directed at understanding the molecu-
lar mechanisms of the anti-proliferative activity of calcitriol
in prostate cells with the goal of developing strategies to
improve PCa treatment. Using cDNA microarrays we have
recently found that calcitriol modulates the expression genes
involved in PG metabolism. Calcitriol suppresses the expres-
sion of COX-2 gene, the enzyme that catalyzes PG synthe-
sis and up-regulates the expression of 15-PGDH gene, the
enzyme involved in PG inactivation. We hypothesize that
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calcitriol treatment of PCa cells would reduce the levels of
biologically active PGs due to its dual actions on COX-2 and
15-PGDH expression, and thereby decrease the PG-mediated
proliferative stimulus. We further propose that the calcitriol
effects would complement the action of NSAIDs, which are
known inhibitors of both COX-1 and COX-2. The action
of calcitriol at the genomic level to suppress COX-2 gene
expression will decrease the levels of COX-2 protein and
allow the use of lower the concentrations of NSAIDs needed
to inhibit COX-2 enzyme activity. A combination of calcitriol
with aNSAID would allow the use of lower concentrations of
both drugs, thus reducing their individual side effects while
increasing their anti-proliferative and pro-apoptotic activi-
ties. The combination approach is an attractive therapeutic
strategy in the treatment of PCa and can be brought to clini-
cal trials swiftly.

Note added in proof

Since this paper was originally written we have used real-
time PCR and Western blot analyses to confirm that calcitriol
inhibits PG actions in human PCa cell lines and primary pro-
static epithelial cells. We found that calcitriol increased the
expression of 15-PGDH, reduced the expression of COX-
2, and reduced the expression of EP2 and FP PG receptors.
These three calcitriol actions combine to decrease secreted
PGE; and block cell growth stimulated by arachidonic acid
and exogenous PGs. Moreover, calcitriol, in combination
with various NSAIDs, produces synergistic inhibition of PCa
cell growth at lower and safer drug concentrations. These data
suggest that calcitriol and NSAIDs may be a useful combina-
tion for chemotherapy and/or chemoprevention of PCa. These
new findings are now in press in Cancer Research 2005.
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Abstract

Calcitriol exhibits antiproliferative and prodifferentiation
effects in prostate cancer. Our goal is to further define the
mechanisms underlying these actions. We studied established
human prostate cancer cell lines and primary prostatic epi-
thelial cells and showed that calcitriol regulated the expression
of genes involved in the metabolism of prostaglandins (PGs),
known stimulators of prostate cell growth. Calcitriol signifi-
cantly repressed the mRNA and protein expression of prosta-
glandin endoperoxide synthase/cyclooxygenase-2 (COX-2),
the key PG synthesis enzyme. Calcitriol also up-regulated the
expression of 15-hydroxyprostaglandin dehydrogenase, the
enzyme initiating PG catabolism. This dual action was
associated with decreased prostaglandin E, secretion into
the conditioned media of prostate cancer cells exposed to
calcitriol. Calcitriol also repressed the mRNA expression of
the PG receptors EP2 and FP, providing a potential additional
mechanism of suppression of the biological activity of PGs.
Calcitriol treatment attenuated PG-mediated functional
responses, including the stimulation of prostate cancer cell
growth. The combination of calcitriol with nonsteroidal anti-
inflammatory drugs (NSAIDs) synergistically acted to achieve
significant prostate cancer cell growth inhibition at ~2 to 10
times lower concentrations of the drugs than when used alone.
In conclusion, the regulation of PG metabolism and biological
actions constitutes a novel pathway of calcitriol action that may
contribute to its antiproliferative effects in prostate cells. We
propose that a combination of calcitriol and nonselective
NSAIDs might be a useful chemopreventive and/or therapeutic
strategy in men with prostate cancer, as it would allow the use
of lower concentrations of both drugs, thereby reducing their
toxic side effects. (Cancer Res 2005; 65(17): 7917-25)

Introduction

In the United States, prostate cancer remains the most common
solid tumor malignancy in men, causing ~ 30,000 deaths in 2005 (1).
Effective treatment options include surgery and radiation therapy.
The main treatment strategy for advanced prostate cancer involves
androgen deprivation therapy to which patients initially respond
very well. However, most patients eventually fail this therapy and
frequently develop metastatic disease. Current research on prostate
cancer aims to identify new agents that would prevent and/or inhibit
its progression.
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1,25-Dihydroxyvitamin Dj; (calcitriol), the active form of
vitamin D, is the major regulator of calcium and phosphate
homeostasis in bone, kidney, and intestine (2). However, calcitriol
has also been shown to exhibit antiproliferative and prodiffer-
entiation effects in many normal and malignant cells including
prostate cancer cells (3-10). There are multiple mechanisms
underlying the antiproliferative effects of calcitriol, which vary
between target cells (10). These include cell cycle arrest (9, 11)
and the induction of apoptosis (12). Several genes that mediate
these growth regulatory effects have been identified to be the
molecular targets of calcitriol action, such as p21, p27, bcl-2, and
insulin-like growth factor binding protein-3 (IGFBP-3; refs. 5-14).
We recently did cDNA microarray analyses to more fully
characterize the spectrum of genes regulated by calcitriol in
prostate cells (15, 16). Among the newly identified genes regulated
by calcitriol, we found two genes which play a key role in
prostaglandin (PG) metabolism: the prostaglandin endoperoxide
synthase-2 or cyclooxygenase (COX)-2 and the NAD*-dependent
15-hydroxyprostaglandin dehydrogenase (15-PGDH). PGs are
synthesized from free arachidonic acid (17) by COXs. There are
two well-characterized COX isoforms: COX-1, a constitutive form
of the enzyme, and COX-2, an inducible form of the enzyme. PGs
are implicated in the initiation and progression of many
malignancies including prostate cancer (18-20). Tumor cells with
elevated COX-2 levels are highly resistant to apoptosis, show
increased angiogenic potential, and exert suppressive effects on
host immunity (19, 20). Nonsteroidal anti-inflammatory drugs
(NSAIDs), known inhibitors of both COX-1 and COX-2 enzymatic
activity, are under intense investigation to prevent and/or treat
malignancies (19, 21). 15-PGDH, which mediates the catalytic
inactivation of PGs by converting them to the corresponding keto
derivatives, has been found to be down-regulated in some cancers
(22, 23) and has recently been regarded as a tumor suppressor
gene (24).

In the current study, we investigated the regulation of COX-2 and
15-PGDH by calcitriol in the androgen-dependent LNCaP and
androgen-independent PC-3 human prostate cancer cell lines as well
as in primary prostatic epithelial cells derived from normal and
cancerous human prostate tissue. Calcitrio! reduced the expression
of COX-2 and increased that of 15-PGDH. Calcitriol treatment of
prostate cancer cells decreased the concentration of prostaglandin
E, (PGE,) secreted into the conditioned medium. In addition,
calcitriol also decreased the expression of the mRNA of PG receptors
EP2 and FP. Our data indicate that these mechanisms led to the
attenuation of PG-mediated functional responses by calcitriol,
including the suppression of PG stimulation of cell growth. Further,
our study showed that the combination of calcitriol and NSAIDs
exhibited synergistic growth inhibition, suggesting that the combi-
nation might be a useful therapeutic and/or chemopreventive
strategy in prostate cancer.
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Materials and Methods

Materials

PGE,, prostaglandin F,, (PGF,,), arachidonic acid, NS-398, and SC-58125
were obtained from Cayman Chemical Co. (Ann Arbor, MI). Calcitriol was a
gift from Leo Pharma A/S (Ballerup, Denmark). All stock solutions were
made in 100% ethanol and stored at —20°C. Tissue culture media were
obtained from Mediatech, Inc. (Herndon, VA). Tissue culture supplements
and fetal bovine serum (FBS) were obtained from Life Technologies, Inc.
(Grand Island, NY).

Methods

Cell culture. LNCaP (ATCC no. CRL-1740) and PC-3 (ATCC no. CRL-1435)
cells were grown in RPMI 1640 supplemented with 5% FBS, 100 IU/mL of
penicillin, and 100 pg/mL streptomycin (Life Technologies). Cells were
maintained at 37°C with 5% CO, in a humidified incubator. Primary cells
were derived from radical prostatectomy specimens from men undergoing
surgery for prostate cancer treatment. None of the patients had received prior
therapy for prostate cancer. The normal cell strains (E-PZ-1 to -3) were
derived from peripheral zone tissue with no histologic evidence of cancer in
adjacent sections. The cancer cell strains used, E-CA-1 (Gleason grade 3/3),
E-CA-2 (Gleason grade 4/5), and E-CA-3 (Gleason grade 4/3), were derived
from adenocarcinoma specimens. Primary cell cultures were established
from the prostate tissue samples and propagated in culture as we have
previously described (25).

Cell proliferation assay. Prostate cancer cells were seeded at an initial
density of 1.5 x 10° cells/well in six-well tissue culture plates and allowed to
attach overnight in RPMI 1640 with 5% FBS. Cell cultures were shifted to
medium containing 2% FBS and treated in triplicate over the next 6 days with
either 0.1% ethanol vehicle or the indicated concentrations of drugs. Fresh
media and the drugs were replenished every other day. At the end of the
treatment, the cells were collected by gentle scraping and subjected to lysis in
0.2 N NaOH. Cell proliferation was assessed by the determination of DNA
content (26).

RNA isolation and real-time reverse transcription-PCR. Total RNA
was isolated from vehicle or drug-treated cells by the Chomczynski method
using Trizol reagent (Invitrogen, Life Technologies, Inc., Carlsbad, CA) as
previously described (15). The yield and purity of isolated RNA were checked
by UV spectrophotometry. Five micrograms of total RNA were used in reverse
transcription reactions using the SuperScript III first strand synthesis kit
(Invitrogen). Gene expression in vehicle or calcitriol-treated cells was
determined by real-time PCR using the reverse transcription product and
gene-specific primers. The reactions were carried out with the DyNamo SYBR
Green qPCR kit (Finnzymes, Oy, MJ. Research, Reno, NV) in a 20 pL reaction
volume containing gene-specific primers (10 pmol). All real-time PCR
reactions were done in duplicate according to the following program:
incubation at 72°C for 5 minutes, incubation at 95°C for 5 minutes, and 40
cycles of 94°C for 20 seconds, 58°C for 15 seconds, and 72°C for 20 seconds.
PCR products were subjected to agarose gel electrophoresis to determine the
purity and size of the amplified products (27). Real-time PCR was carried out
using an Opticon 2 DNA engine (M.]. Research). Relative changes in mRNA
expression levels were assessed by the 2724 method (28). Changes in
mRNA expression of the different genes were normalized to that of TATA
binding protein (7BP) gene or glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) gene. The primers used were as follows: COX-2: 5-GATACTCAGG-
CAGAGATGATCTACCC-3 (sense), 5~AGACCAGGCACCAGACCAAAGA-3
(antisense); 15-PGDH: 5-GACTCTGTTCATCCAGTGCG-3' (sense), 5-CCTT-
CACCTCCATTTTGCTTACTC-3' (antisense); c-fos: 5-GAATAAGATGGCTG-
CAGCCAAATGCCGCAA-3' (sense), 5-CAGTCAGATCAAGGGAAGCCACA-
GACATCT-3 (antisense; ref. 29); EP2: 5-GTGCTGACAAGGCACTTCATGT-3
(sense), 5“TGTTCCTCCAAAGGCCAAGTAC-3' (antisense); FP: 5-GCACATT-
GATGGGCAACTAGAA-3' (sense), 5-GCACCTATCATTGGCATGTAGCT-3
(antisense); TBP: 5-CACTCACAGACTCTCACAACTGC-3' (sense), 5-
GTGGTTCGTGGCTCTCTTATC-3 (antisense); GAPDH: 5-GCCTCAAGAT-
CATCAGCA-3 (sense), 5-GTTGCTGTAGCCAAATTC-3' (antisense).

Measurement of prostaglandin E, secretion. Subconfluent LNCaP
cells were treated with vehicle or calcitriol for 48 hours. Conditioned media
were collected and secreted PGE, levels were quantitated using a PGE,

monoclonal enzyme immunoassay kit (Cayman Chemical) according to the
protocol of the manufacturer.

Western blot analysis. Cell lysates were prepared from vehicle or
calcitriol-treated cells by lysis with a buffer containing 50 mmol/L Tris-HCl,
1 mmol/L EDTA, and 1.6 mmol/L CHAPS (Sigma-Aldrich, St. Louis, MO)
supplemented with a protease inhibitor cocktail (Complet, Roche
Diagnostics GmbH, Mannheim, Germany). Lysates were incubated at 4°C
for 20 minutes and centrifuged at 10,000 X g for 1 minute to sediment
particulate material. The protein concentration of the supernatant was
measured by the Bradford method (30). Proteins were separated in either
10% NuPAGE gels in MOPS-SDS running buffer (Invitrogen) or 10%
polyacrylamide Tris-Tricine (Sigma-Aldrich) gels depending on the size of
the protein to be detected. After electrophoresis, proteins were transferred
onto nitrocellulose membranes by electroblotting. The COX-2 monoclonal
(1:1000 dilution) and 15-PGDH polyclonal antibodies (1:250 dilution) used in
our study were purchased from Cayman Chemicals. B-Actin monoclonal
antibody (dilution 1:500) was obtained from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA). Membranes were incubated with the appropriate primary
antibodies followed by incubations with a secondary antibody to
immunoglobulin G conjugated to horseradish peroxidase (Cell Signaling
Technology, Inc., Beverly, MA). Inmunoreactive bands were visualized using
the enhanced chemiluminescence Western blot detection system (Amer-
sham, Piscataway, NJ) according to the instructions of the manufacturer.
The blots were also probed for the expression of B-actin as a control. COX-2
protein was visnalized as a ~70 kDa immunoreactive band. 15-PGDH
protein was visualized as a ~ 29 kDa immunoreactive band. Immunoreac-

tive bands were scanned by densitometry (HP Scanjet 7400C) and

quantified using Bio-Rad software (Bio-Rad, Hercules, CA). COX-2 or 15-
PGDH signals were normalized to B-actin levels in each sample.

Results

‘We previously showed by cDNA microarray analysis that calcitriol
regulated the expression of two of the key genes involved in PG
metabolism (ie., COX-2 and 15-PGDH) in LNCaP human prostate
cancer cells (15) and 15-PGDH in primary normal prostatic epithelial
cells (16). In the present study, we extended these observations to
include an evaluation of calcitriol effects on the expression of these
two genes at both the mRNA and protein levels in LNCaP and PC-3
cells. In addition, we also examined the effects of calcitriol in
primary prostatic epithelial cell strains derived from normal
prostate as well as prostate adenocarcinoma specimens.

Down-regulation of cyclooxygenase-2 expression by calci-
triol. Real-time reverse transcription-PCR (RT-PCR) analysis
showed significant decreases in COX-2 mRNA levels in both
androgen-dependent LNCaP (~70% inhibition) and androgen-
independent PC-3 cells (~45% inhibition) due to calcitriol
treatment (Fig. 14). Although both LNCaP and PC-3 prostate cancer
cells have been shown to express COX-2 protein (31), we found that
PC-3 cells exhibited higher basal levels of COX-2 protein expression
when compared with LNCaP cells (not shown). We therefore used
PC-3 cells to assess the effect of calcitriol on COX-2 protein
expression. Figure 18 shows that the addition of 10 nmol/L calcitriol
to PC-3 cultures for 48 hours reduced COX-2 protein level to ~ 60%
of control, with 100 nmol/L calcitriol having no further effect.

Up-regulation of 15-hydroxyprostaglandin dehydrogenase
expression by calcitriol. We examined the effect of calcitriol on
15-PGDH mRNA levels in LNCaP and PC-3 cells. Our data show
that 10 nmol/L calcitriol increased 15-PGDH mBNA expression by
~3.6-fold in LNCaP cells and by ~3-fold in PC-3 cells (Fig. 1C).
We found that the basal protein expression of 15-PGDH varied
between different cell lines with the LNCaP exhibiting appreciable
levels of the 15-PGDH protein whereas barely detectable levels
were seen in PC-3 cells. Therefore, we examined the effect of
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Figure 1. Calcitriol regulates COX-2 420 - LNCaP

and 15-PGDH expression in prostate
cancer cell lines. A, calcitriol decreases
COX-2 mRNA levels. Subconfluent
cultures of LNCaP and PC-3 cells were
treated with 0.1% ethanol (Con) or 10
nmol/L calcitriol (Cal) for 24 hours and total
RNA was extracted. COX-2 mRNA levels
were determined by real-time RT-PCR as
described in Materials and Methods and
were normalized to TBP mRNA levels in
the same samples. COX-2/TBP ratio
shown as a percent of control set at 100%;
columns, mean from five experiments;
bars, SE. B, calcitriol decreases COX-2
protein levels. Subconfluent cultures of
PC-3 cells were treated with 0.1% ethanol
(Con) or 10 or 100 nmol/L calcitriol (Ca/)
for 48 hours. Fifty micrograms of total
protein were subjected to Western blot
analysis as described in Materials and
Methods. Representative Western blot.
The densitometric units of COX-2
immunoreactive bands were normalized to
the densitometric units of the
corresponding p-actin bands. Results
expressed as the ratio of the control set at
1. C, calcitriol increases 15-PGDH mRNA
levels. Cells were treated and processed
as described in A. 15-PGDH/TBP ratio in
calcitriol-treated cells given as a percent
of control set at 100%; columns, mean
from five experiments; bars, SE. D,
calcitriol increases 15-PGDH protein
levels. LNCaP cells were treated as in

B. The densitometric units of 15-PGDH
immunoreactive bands were normalized to
the densitometric units of the
corresponding B-actin bands. Results
expressed as the ratio of the control set
at 1; columns, mean of three experiments;
bars, SE. *, P < 0.05; **, P < 0.01, when
compared with control.

-
[-:] -3 (-3
(=] (-] <o
HH

£ 3
(=]

N
o
PRI S S

%%

COX-2/TBP (% of Control)

Con Cal

(¢

500 - LNCaP

*%*

w
(=3
(=]

15-PGDH/TBP (% of Control)

Con Cal

B PC-3
Cal Cal
Con  (10nM) (100 nM)
M o g |- COX-2
PC-3
1.2,
il
s 11
‘g 0.81
* N
5 0.6
(]
o 0.4 1
0.2 1
o.
Con Cal Con
(10nM) (100 nM)
D
LNCaP
Cal Cal
Con (5nM) (100 nM)
% e +15-PGDH
3.5 Actin
PC-3
3..
25
£
%*% B ]
8 2
3 15
[C]
ﬂ.. T
e YrT
0.5
o.
Con Cal Con Cal Cal Cal
1inM  5nM 100 nM

calcitriol on 15-PGDH protein expression in LNCaP cells and
found a dose-dependent increase in 15-PGDH protein levels in
response to calcitrio! treatment (Fig. 1D).

Calcitriol effects on cyclooxygenase-2 and 15-hydroxypros-
taglandin dehydrogenase mRNA levels in primary prostatic
epithelial cells. We extended our analysis to include calcitriol
effects on primary cultures of prostatic epithelial cells derived from
normal prostate as well as adenocarcinoma specimens removed at
surgery. Real-time RT-PCR analysis showed considerable decreases
(55-90%) in COX-2 mRNA levels in two of the three normal primary
cell strains tested (E-PZ-1 and E-PZ-3) after 24 hours of calcitriol
treatment (Fig. 24). In all three cancer-derived primary cultures
(E-CA-1 to -3) significant reductions (~ 48-60%) in COX-2 mRNA
levels were seen at an earlier time point, after 6 hours of calcitriol
treatment, and the down-regulatory effect was lost by 24 hours
except in the case of E-CA-2 (Fig. 2B). Figure 2C and D shows the
calcitriol-induced changes in 15-PGDH mRNA in primary prostatic
cells. In the normal primary cells, calcitriol treatment caused

appreciable increases in 15-PGDH mRNA in two of the three strains
tested. The time course of this effect showed minor differences. In
E-PZ-1 and E-PZ-2 cells significant increases (~ 2- to 18-fold) were
achieved at the end of 6 and 24 hours, respectively (Fig. 2C). In two
of three of the cancer-derived primary cultures (E-CA-2 and -3),
significant increases (~2- to 5-fold) were seen at the end of 24
hours (Fig. 2D). In general, the magnitude of COX-2 mRNA down-
regulation as well as 15-PGDH mRNA increase was more
pronounced in the primary cells derived from normal prostatic
tissue when compared with both the cancer-derived primary cells
and the established prostate cancer cell lines.

Effect of calcitriol on prostaglandin levels. As a result of the
dual action of calcitriol to down-regulate the expression of PG
synthesizing COX-2 and increase the PG catabolizing 15-PGDH, we
expected a reduction in PG production and secretion in prostate
cancer cells treated with calcitriol. We measured the levels of PGE,
in the conditioned media from LNCaP cells treated with various
concentrations of calcitriol for 48 hours. Figure 34 shows that the
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Figure 2. Calcitriol regulates the expression of COX-2 and 15-PGDH mRNA in primary prostatic epithelial cells. Primary cultures of prostatic epithelial cells
derived from the peripheral zone of normal prostate tissue (E-PZ-1 to -3) or adenocarcinoma (E-CA-1 to -3) were treated with 0.1% ethanol (Con) or with 10 nmol/L
calcitriol (Cal) for 6 or 24 hours. Total RNA was extracted and COX-2 and 15-PGDH mRNA levels were quantitated by real-time RT-PCR using gene-specific
primers as described in Materials and Methods. COX-2 and 15-PGDH mRNA levels were normalized to GAPDH mRNA levels and are given as a percent of control set
at 100%. Columns, mean from three experiments; bars, SE. Effect of calcitriol on COX-2 mRNA in three different normal primary epithelial cell strains (A) and in
cancer-derived cell strains (B). Changes in 15-PGDH mRNA in normal cell strains (C) and in cancer-derived cell strains (D). *, P < 0.05; **, P < 0.01; ***, P < 0.001,

when compared with control.

addition of calcitriol caused a significant reduction in PGE,
secretion with the maximal decrease ( ~ 34%) seen with 100 nmol/L
calcitriol.

Effects of calcitriol on prostaglandin receptor expression.
Prostate cancer cells have been shown to express the PGE receptor
subtypes EP2 and EP4 (29). We examined the effects of calcitriol on
the expression of the PGE, receptor isoforms EP1, EP2, EP3, and EP4,
and the PGF,, receptor FP. LNCaP cells treated with 10 nmol/L
calcitriol for 24 hours showed a significant (~ 45%) down-regulation
of EP2 mRNA (Fig. 3B). We did not detect any changes in the levels of
EP1, EP3, or EP4 mRNA following calcitriol treatment (not shown).
FP mRNA levels were also down-regulated (~33% decrease) by
calcitriol (Fig. 3C).

Inhibition of prostaglandin-mediated induction of c-fos
mRNA by calcitriol. Because calcitriol modulated the levels of
biologically active PGs as well as PG receptor expression, we
examined its effect on a PG-mediated functional response, (i.e., the
induction of the immediate-early gene c-fos; ref. 29). As serum is a
potent inducer of c-fos expression (32), we conducted the
experiment under serum-free conditions using PC-3 cells. Unlike
LNCaP, PC-3 cells could be briefly maintained in serum-free media
for calcitriol pretreatment and subsequent treatment with the PG
precursor arachidonic acid. PC-3 cells were pretreated with vehicle
or 10 nmol/L calcitriol for 48 hours followed by a brief (30 minutes)
exposure to exogenous arachidonic acid (3 pumol/L) directly added
to the culture medium. RNA was then isolated and the induction of
cfos mRNA was determined as an indicator of the biological
activity of PGs endogenously synthesized from arachidonic acid. As

shown in Fig. 3D, in vehicle pretreated cells arachidonic acid
exposure resulted in a significant induction (~ 2.5-fold) of c-fos
mRNA levels after 30 minutes. Calcitriol pretreatment completely
abrogated the induction of c-fos mRNA due to arachidonic acid
addition. Calcitriol pretreatment by itself caused a minor increase
in c-fos mRNA levels when compared with vehicle pretreated cells,
which was not statistically significant.

Effects of calcitriol on prostaglandin-mediated growth
stimulation. We examined the effect of calcitriol on the stimulation
of prostate cancer cell growth by exogenous PG addition as well as by
endogenous PGs derived from the substrate arachidonic acid added
to the culture medium. We treated LNCaP and PC-3 cells with
arachidonic acid (3 pumol/L), PGE,, or PGF,, (10 umol/L each) in the
absence or presence of 10 nmol/L calcitriol. Our results revealed a
moderate but significant growth stimulation by arachidonic acid
and exogenous PGs in both LNCaP (Fig. 44) and PC-3 cells (Fig. 4B).
Calcitriol had a marked growth inhibitory action when given alone.
In addition, calcitriol blocked the growth stimulation due to
endogenous PGs derived from the added arachidonic acid as well
as exogenous PG addition (Fig. 44 and B).

Synergistic inhibition of prostate cancer cell growth by
calcitriol and nonsteroidal anti-inflammatory drugs. We next
examined the combined effect of calcitriol and NSAIDs, which
are potent inhibitors of COX enzyme activity. We tested a
number of both COX-2-selective and nonselective NSAIDs
including NS-398, SC-58125, flufenamic acid, sulindac sulfide,
indomethacin, naproxen, and ibuprofen. Figure 54 to D illus-
trates the effect on prostate cancer cell growth of calcitriol alone
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or in combination with the NSAIDs that exhibited the best
growth inhibitory effect when used at a reduced dose. We show
the effects of calcitriol alone and in combination with the COX-
2-selective NSAIDs SC-58125 on the growth of LNCaP cells
(Fig. 54) and NS-398 on the growth of PC-3 cells (Fig. 5B). In
LNCaP cells, calcitriol by itself had a modest effect (~20%) at 1
nmol/L but caused significant growth inhibition (~40%) at 10
nmol/L (Fig. 54). The addition of the COX-2-specific inhibitor
SC-58125 by itself had a modest effect on cell growth (~20%
inhibition), which was not statistically significant, at the
concentration tested (5 umol/L). The combination of 1 nmol/L
calcitriol with SC-58125, however, had a more pronounced
inhibitory effect (~73% growth inhibition with the combination
versus ~20% inhibition with the individual agents), indicating a
synergistic interaction between these two drugs to inhibit cell
growth. SC-58125 also enhanced the growth inhibition seen with
the higher concentration of calcitriol (~80% inhibition with the
combination versus ~40% inhibition with 10 nmol/L calcitriol
alone). Similar synergistic growth inhibitory effects were evident in
PC-3 cells treated with a combination of calcitriol and the COX-2-
selective inhibitor NS-398 (Fig. 5B). NS-398, when used alone at
7.5 umol/L, did not affect the growth of PC-3 cells. However, it
enhanced the growth inhibition seen with both 1 and 10 nmol/L
calcitriol (~60% inhibition with the combination versus ~ 20%
inhibition with 1 nmol/L calcitriol alone, and ~75% inhibition

with the combination versus ~40% inhibition with 10 nmol/L
calcitriol alone).

The growth inhibitory effect of calcitriol was similarly enhanced
when combined with nonselective NSAIDs that inhibit the
enzymatic activity of both COX-1 and COX-2. The nonselective
NSAID naproxen at 200 pmol/L did not inhibit the growth of LNCaP
cells (Fig. 5C). However, it enhanced the growth inhibition seen
with 1 and 10 nmol/L calcitriol (~65% inhibition with the
combination versus ~48% inhibition with 10 nmol/L calcitriol
alone). Similarly, in PC-3 cells (Fig. 5D), the nonselective NSAID
ibuprofen at 150 pmol/L enhanced the growth inhibitory effect of
calcitriol (~74% inhibition with the combination versus ~ 40%
inhibition with 10 nmol/L calcitriol alone) whereas it did not affect
cell growth when used alone at this concentration.

Based on extensive dose-response analysis (not shown), we
calculated the interaction index (y) using an isobolar method (33)
for each drug combination. This analysis indicated a synergistic
(superadditive) effect. The data suggested that ~2 to 10 times
lower concentration of each drug is needed when used in
combination to achieve the same degree of growth inhibition as
achieved by the individual drugs.

Discussion

Calcitriol acts by multiple pathways to inhibit the proliferation
of prostate cancer cells (5~14). Our study shows that the regulation

www.aacrjournals.org

7921

Cancer Res 2005; 65: (17). September 1, 2005




Cancer Research

A LNCaP
200
= ] * *
g
£ 150 *
0 ]
"6 ]
2
= 1003 ++
] ++ 1
E 3 % ++
@ 5] T
Z
a ]
0]
Cal - + - + - + - #
AA - - + + - = - -
PGE, - - - - + + - -
PGF,, - - - - - - + +

200 5 *
i
T * ¥
5 T
= 3
5 150
o ] 100555
b 0052835
o E LR
- ] RS
S RS
S p {XRX
1 00 1 152 0."Q
-~ 1 * X3RS
5 R ++ ++
- 15650255
1] 1 ++ XXX, T T.
<} Fxm KRS
(&] ] [5SERK
50 10
<« ; e
Retetele!
3 o (258K
: SRR [se
XX 100505255
- S 15
] [RXKXS
03
Cal - + - - L3 - +
AA - - + 5 - - - -
PGE2 - - - - + 4 - -
PGF,, - - - - - + +

Figure 4. Calcitrio! abrogates the growth stimulatory effects of arachidonic acid (AA) and exogenous PGs. LNCaP (A) and PC-3 (B) were treated with arachidonic
acid (3 umol/L), PGE; (10 umol/L), or PGF,, (10 pmol/L) individually or in combination with 10 nmol/L calcitriol (Cal) for 6 days. Cell growth was determined by
measurement of DNA content as described in Materials and Methods. DNA contents are given as percentage of control value set at 100%, which was equivalent
to 12.3 + 1.2 png/well for LNCaP cells and 19.3 + 1.7 ug/well for PC-3 cells. Columns, mean from six experiments; bars, SE. *, P < 0.05, when compared with controf;

++, P < 0.01, when compared with arachidonic acid, PGE,, or PGF;, alone.

of PG metabolism is a novel and additional pathway by which
calcitriol may exert its antiproliferative actions in prostate cancer
cells. We have shown that calcitriol regulates biologically active PG
levels and PG actions by three mechanisms: (a) the suppression of
COX-2 expression, (b) the up-regulation of 15-PGDH expression,
and (c) the reduction of EP2 and FP PG receptor mRNA expression.
We propose that these three effects act together to effectively
inhibit the stimulation of prostate cancer cell proliferation by
endogenously derived PGs as well as PGs added exogenously.
Because PGs have been shown to promote prostate cell growth,
inhibit apoptosis, and stimulate prostate cancer progression
(18-20), we postulate that these effects of calcitriol to reduce PG
actions significantly contribute to the anticancer effects of the
hormone in prostate cancer.

The transformation of arachidonic acid into PGs and thrombox-
anes in mammalian cells is catalyzed by the enzyme COX, which has
two well-characterized isoforms. COX-1 is constitutively expressed
and is involved in housekeeping functions (17, 34). COX-2 is an
immediate-early gene that is induced by a variety of growth
promoting stimuli such as serum and growth factors, tumor
promoters, cytokines, and proinflammatory agents (17, 34), and is
regarded as an oncogene (24). COX-2 is overexpressed in various
cancers including some, but not all, prostate cancers (18, 21).
Inhibitors of COX-2 activity have been shown to suppress prostate
cancer cell growth both ir vivo and in vitro (31, 35, 36). Our results
show the significant repression of COX-2 mRNA expression by
calcitriol in prostate cancer cell lines as well as in primary prostatic
epithelial cells and also a reduction in COX-2 protein levels in prostate
cancer cell lines, suggesting that COX-2 is a calcitriol target gene.

PGE, and PGF,, are rapidly catabolized in vivo into their
biologically inactive 13,14-dihydro-15-keto metabolites by a two-
step process carried out sequentially. The first step is initiated by

the reversible oxidation of their 15(§)-hydroxyl group by the
enzyme 15-PGDH (37). 15-PGDH is widely expressed in many
mammalian tissues (38) and has been shown to be modulated by
several hormones and factors (37-39), indicating the potential
importance of the regulation of this enzyme. In LNCaP cells, 15-
PGDH expression is up-regulated by androgens, interleukin-6, and
the cyclic AMP inducer forskolin in a protein kinase A-dependent
manner (40, 41). We now show that calcitrio! is an important
regulator of 15-PGDH expression in prostate cancer cells. The
partial repression of COX-2 mRNA expression and the increase in
15-PGDH mRNA expression are also seen in primary prostatic
epithelial cells derived from normal prostate, suggesting that
these calcitriol effects are not restricted to malignant prostate
cells. 15-PGDH expression has been shown to be decreased in
many cancers (22, 23, 42). Calcitriol has also been shown to
increase the expression of 15-PGDH in neonatal monocytes (43),
where it exhibits prodifferentiation effects. 15-PGDH, which
physiologically antagonizes COX-2, has recently been described
as a putative oncogene antagonist that functions as a tumor
suppressor in colon cancer by Yan et al. (24) who found that 15-
PGDH was universally expressed in normal colon specimens but
was routinely absent or severely reduced in cancer specimens.
More importantly, stable transfection of a 15-PGDH expression
vector into cancer cells greatly reduced the ability of the cells to
form tumors and/or slowed tumor growth in nude mice. The
authors concluded that 15-PGDH suppressed the effects of the
oncogene COX-2 and exhibited an additional effect to inhibit
angiogenesis in vive (24). Our present study shows calcitriol-
mediated suppression of the oncogene COX-2 and an increase in
the expression of the putative tumor suppressor 15-PGDH in
prostate cells, suggesting that calcitriol may play an important
role in the chemoprevention of prostate cancer.
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Figure 5. Synergistic inhibition of
prostate cancer celt growth by calcitriol and
NSAIDs. LNCaP or PC-3 cells were treated
with 0.1% ethanol vehicle (Con) or 10
nmol/L calcitriol (Cal) in the presence

and absence of the indicated NSAID. Cell
growth was determined by measuring the
DNA content as indicated in Materials and
Methods. DNA contents are given as
percentage of control value set at 100%.
A, LNCaP cells treated with a combination
of calcitriol (Cal) and COX-2-specific
NSAID SC-58125 (5 pmol/L). 100% DNA
content = 10.15 + 1.22 pg/well. B, PC-3
treated with calcitriol (Cal) in the presence
and absence of the COX-2—selective
NSAID NS-398 (7.5 pmol/L). 100% DNA
content = 17.42 + 1.93 ug/well. G, LNCaP
cells treated with calcitriol (Cal) in the
presence and absence of the nonselective
NSAID naproxen (Nap; 200 umol/t.). 100%
DNA content = 9.22 + 0.5 ug/well. D, PC-3
cells treated with calcitriol (Cal)

in the presence and absence of the
nonselective NSAID ibuprofen (/bu;

150 pmol/L). 100% DNA content = 21.7

+ 0.9 pg/well. Columns, mean from six
experiments; bars, SE. *, P < 0.05; **,

P < 0.01, when compared with control. ++,
P < 0.01, when compared with 1 or 10
nmol/L Cal alone.
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As a result of its dual action to modulate COX-2 and 15-PGDH
expression, we expected calcitriol to reduce the levels of PGs in
prostate cancer cells. This indeed was the case as shown by the
decrease in PGE, levels in the conditioned media from LNCaP cells
following calcitriol treatment. Calcitriol regulation of PGE, synthesis
and secretion has been also reported in growth plate chondrocytes
(44), in monocytes (43, 45), and in interleukin-1pR-stimulated
rheumatoid synovial fibroblasts (46). The effects of calcitriol on PG
synthesis and signaling in these target cells seem to be related to the
rapid nongenomic actions of calcitriol (47).

PGs exert their myriad effects through G-protein coupled
membrane receptors which activate different signal transduction
pathways (48). Prostate cancer cells have been shown to express
the PGE receptor subtypes EP2 and EP4 (29). Interestingly, our
study shows that calcitriol decreases the mRNA expression of the
PGE, and PGF,, receptor subtypes EP2 and FP, providing yet
another mechanism for the suppression of the biological activity of
PGs by calcitriol. In a recent study examining the changes in gene
expression profile in the kidney of vitamin D receptor (VDR)
knockout mice, Li et al. (49) report increases in the expression of
EP3 and FP genes in VDR™/~ kidneys, suggesting that calcitriol
may also regulate the expression of PG receptors in kidney. Our
study indicates that calcitriol not only decreases the concentration
of PGs but may also inhibit the biological activity of these reduced
PG levels by repressing of EP2 and FP receptor mRNA expression in
prostate cancer cells.

Chen and Hughes-Fulford (29) have shown that arachidonic acid
increases the expression of the immediate-early gene c-fos by
undergoing a COX-2-mediated conversion to PGE,, binding of
PGE, to EP2/EP4 receptors, and subsequent activation of the
protein kinase A pathway, which leads to the expression of growth-
related genes. PGE, has also been to shown to up-regulate the gene
expression of its own synthesizing enzyme COX-2 in prostate
cancer cells, thereby completing a positive feedback loop (31, 50).
We therefore examined the effect of calcitriol treatment on the
induction of ¢fos and cell growth by arachidonic acid in prostate
cancer cells and found that calcitriol abolished c-fos induction and
growth stimulation by arachidonic acid. Our interpretation of these
observations is that they reflect both the effect of calcitriol to
decrease endogenous synthesis of PGs due to COX-2 suppression
and the ability of calcitriol to attenuate the biological activity of the
PGs due to 15-PGDH up-regulation and EP and FP receptor down-
regulation. The suppression by calcitriol of the growth stimulation
by exogenous PG addition is probably due to its ability to enhance
PG catabolism through the up-regulation of 15-PGDH expression
as well as PG receptor down-regulation.

NSAIDs are known inhibitors of COX activity and have been
shown to exhibit growth-suppressive effects in in vivo and in vitro
models of prostate cancer (19, 35, 36, 50-52). The growth inhibitory
and proapoptotic actions of NSAIDs are due to their ability to inhibit
cyclooxygenase activity to a large degree, although in recent years
mechanisms independent of COX-2 inhibition are also believed to
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play arole (52). Our data show that the combination of calcitriol with
COX-2-selective, as well as nonselective NSAIDs, acts synergistically
to reduce the growth of prostate cancer cells. Our hypothesis is that
the action of calcitriol at the genomic level to reduce COX-2
expression decreases the levels of COX-2 protein and allows the use
of lower concentrations of NSAIDs to inhibit COX-2 enzyme activity,
resulting in the enhanced growth inhibition seen with the
combination. The potential use of NSAIDs as chemopreventive or
therapeutic agents for a variety of malignancies, including prostate
cancer, is being intensely investigated (20, 21, 51, 53). We propose
that a combination of calcitriol and NSAID might be a useful
therapeutic strategy in prostate cancer. The clinical use of NSAIDs
has recently become controversial because of the cardiovascular
complications associated with the use of high doses of COX-2-
selective NSAIDs for prolonged periods of time (54, 55). In
comparison with the COX-2-selective inhibitors, the use of a
nonselective NSAID such as naproxen has been shown to be
associated with decreased cardiovascular adverse effects (56). As
shown by our study, an enhancement of growth inhibition is seen
when calcitriol is combined with nonselective NSAIDs such as
naproxen and ibuprofen. The clinical utility of the calcitriol
combination with a nonselective NSAID is therefore worthy of

evaluation, especially because the combination allows the use of
lower concentrations of calcitriol and the NSAIDs, thereby
improving the safety profile of the NSAIDs.

In conclusion, calcitriol acts by three separate mechanisms:
decreasing COX-2 expression, increasing 15-PGDH expression, and
reducing PG receptor mRNA levels. We believe that these actions
contribute to suppress the proliferative stimulus provided by PGs in
prostate cancer cells, The regulation of PG metabolism and
biological actions constitutes an additional novel pathway of
calcitriol action mediating its antiproliferative effects in prostate
cells. We propose that a combination of calcitriol and a nonselective
NSAID, such as naproxen, might be a useful therapeutic and/or
chemopreventive strategy in prostate cancer, as it would achieve
greater efficacy and allow the use of lower concentrations of both
drugs, thereby reducing their toxic side effects.
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PATHWAYS NMEDIATING THE GROWTH INHIBITORY ACTIONS OF VITAMIN D IN
PROSTATE CANCER

David Feltiman, Jacjueline Noreno and Aruna Krishnan,

Department of Medicine/Endocrinology, Stanford Universily School of Medicing, Stanford
CA 84305-5103

Vitamin D is emerging as an important hormene that affects the development and
progressicn of many malignancies including prostate cancer (PCa). 1,25-dihydroxyvitamin
D3 {calcitriol), the active form of vitamin D, inhibits the growth and stimulates the
diflerentiation of PCa cells. We have studied established human PCa cell lines as well as
primary cultures of normal or cancer-derived prostatic epithelial cells to elucidate the
molecular pathways of calcitriol actions. These pathways are varied and appear to be cell-
specific. We have used cDNA microarray analysis to elucidate additional genes regulated by
calcitriol in order to identify novel therapeutic targets for the treatment of PCa. Several
potentially useful target genes have emerged frorn these studies. In this talk | wili highlight
two new target genes, both involved in prostaglandin (PG) metabolism. Accumulating
evidence has implicated PGs in stimulating the development of many types of cancer
including PCa. PGs have been associated with the progression of PCa, tumor invasiveness
and tumor grade. Prostatic PGs are formed by the action of the cyzlooxygenase enzyme
COX-2. The first step in PG inactivation is mediated by 15-hydroxyprostaglandin
dehydrogenase (PGDH). We found that calcitriol dowri-regulates the expression of COX-2
and up-regulates PGDH. Currently there is much interest in the use of COX-2 inhibitors to
prevent and/or treat PCa, due 1o their ability to inhibit growth and induce apoptosis.
Moreaver, PGDH has recently been proposed as a tumor suppressor. The actions of
calcitricl to induce PGDH and inhibit COX-2, constitute a pathway to reduce and/or remove
bivactive PGs thereby diminishing PCa proliferation. Treatment of LNCaP cells with a
combination of calcitriol and COX-2 inhibitors resulted in synergistic growth inhibition. In
combination, calcitriol and COX-2 inhibitors allowed the use of reduced doses of both drugs
that sfill resulted in enhanced antiproliferative activity, These findings suggest that therapy
combining calcitriol and COX-2 inhibitors will increase the efficacy of both drugs while -
decreasing their side-effects. We propose that this combination of already approved drugs
can be brought to clinical trial swiftly, particularly in patients with early recurrent PCa that
demonstrate rising PSA after primary therapy. In conclusion, our research is directed at
understanding the mechanisms of vitamin D action in prostate cells with the goal of
developing treatment strategies to improve PCa therapy. The abllity of calcitriol to inhibit PG
synthesls and stimulate PG inactivation appears to be an additional pathway by which

- calcltriol can enhance PCa therapy.
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amount of UV radiation from nacural suntight and the
exposure of only sralt parts of the body, eg hends,
forsarms and/or face, are necessary. The aim of this study
was to evaluate the corrslation betwesn Vitamin D
weighted UV dusage (H,,) ) versus the increase of circulating
2ECORD; and 1L,23(OH R, Patieats and Methods: Twenty-
two dialysis patients wore partial body (frontal part of the
lezs, approx. 15% of body surface) ivradiated over a period
of 14 wecks using sn grtificial UV.source (UVE 3.9%):
blood ssmples were taken every two woeks, Resufis: The
peak value of 25(OHID, was found after 8 weeks {ineroass
A+ Vgl = +33%, median} and the peek of 1.25(0H),D,
followed 6 weeks later (increase A + 9npll = 4+ 905)
‘T'herefore, the following algorithm can be caleulated:
2S(OH)D; = (Hyy' x 109425, as & nonlinear correlation
(2=0.942); fulluwing a lincar correlation (r=032) betwesn
25(OH)Dy and 1,25 {OH)Dy, Conclusio: A sufficient pool
of circutating 25(OHID. is necessary for conversion to
1,25(0H,Da. In rens) pativnty, the threshold level of
23QIND, seems 1o be 235 pel
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EFFECT OF UVB RADIATION EMITTED FROM THE
NARROWRAND TL-01 LAMP (311 NM) ON
CALCITRIOL SYNTHESIS IN ORGANOTYFPIC
CULTURES OF KERATINOCYTES

Department of Dermatelogy, Carl Gustay Carus Medical
School. Dresden Uiniversity of Technology, Dresden,
Gearmany

The skin is the anly tissae known in which the complete
UVB-induced pathway from  F-dehydrocholasierpl
(#DHC) to hormonally-active ealeitriol (1a,25 dibydrao.
syvitarnin D) occurs under physiclogical conditions, If is
well known that hoth caleitriol and UVB radiation exert
potent snbipsoriatic effects. We speculzte that the
therapeutic effect of UVR radiation can be attributed 1o
UVD-trigzered cutaneous svotluesis of culeitriol, for which
the optimum wavelength was 300 £ 3 nm i witro and in
vive, On the other hand, the narrowband Philips TL.01
lamp, which is commeonly used as & UVD source for the
ireatment of psoriasis, bag o masimum spectral irradiznce
at aronind 311 nm, The aim of this study was to investigate
the calcitriof-inducing potentinl of the TL-01 lamp in
arganotypic cultures of keratinneytes supplemenied with
25 pM 7-DHC a1 diffarent radiant exposures (125-1000
mliem?). We found that the maximum  esleitriol-
generating capacity of the TL-D1 lamp at 500 mJ/cm’
(corresponding to 2.3 SED [Standard Brythema Dose])
and 16 hours afler drradintion still amounted to
approximately 45% of that of monochromutic radiation at

2290

300 nm and 30 mliem®. We conclude that irradiation with
the narsowharul TT-01 lamp in a therapeutic dose range
can affect calcitriol synthesis in epidermal keratinocytes.
Fhus, the antipsoriatic offect observed after TI-01 ymp
exposurcs may be, at least partially, sxplained by the known
action of newlvsynthesized caleitriol on epidermal well
proliferation and differsntiation. ’
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PATHWAYS MEDIATING THE GROWTH
INHIBITORY ACTTONS OF VITAMIN D IN
PROSTATE CANCER

Taequeline Moreng, Aruna Krishnan and David Feldmean

Depariment of MedicinaTindocrinology, Stanford
University Schoo! of Medicine, Stanford, CA 84305-5103,
Us.A.

Vitsmin 1) is an important hormone thet affects the
incidence and progression of many malignancies including
prostate cancer (FCal. 1,25-ihydroxyvitamin D (caleitriof),
the active form of vitamin I3, inhibits the growth and
stimulates the differentiation of PCa cells, We studied
established human PCa celf lings as well as primary culfures
of normal or cancer-derived prostatic epithalial cells to
elecidste the mslecular pathways of the action of caleitrinl.
These pathways are varied and some appear to be cell-
specific. We used ¢DNA mivroarray analysis 1o ascettain
additinnal geneys regulated by caleitriol, in arder to idenhfy
novel therapeutic targets for the treatmen: of PCa. Beveral
potentially uscful target genes luve vmerged from these
studies including two new tirgzet genes, both involved in
prostaglandin (FFG) metabolism.

Accumulating evidence has implicated PGy i stimulating
the developsent of many lypes of esncer including PCa. PGs
have beon assoriated with the progression of PCa, tumor
invastveness and turnor grade, Prostatic PGs are formed by the
action of the cyciooxygenase encyrme QOX-2, The fimst step in
PG inactivation s mediated by 15-hdronyprostaglandin
dehydrogenase (PGLRH)L We found that calcitriol down-
regulates the pxpression of COX-2 and up-regulatzs PGDH,
There & much current interest in the use of sceond-generation
{TOX-2 inhibitors  or non-selective  nongteroidal  anti-
inflammatory drugs {NSATD), to prevent andior treat PCa,
due 1o their sbility to inhibit growth and induve apoptosis.
Moreover, PGDI has recently beea proposed as a tumor
suppressor, "The actions of caleitriol o induce PGDH and
inhibit COX-2 constitute & pathway to reduce and/or remove
active PGs,  thereby  dbmnishing  PCy proliferation
Combination therzpy of LNCaP cells with calcitriol and
NSAIDs  revealed  synergistic  growth  inhibition. © 1n
combination, ¢aleiiriol and NSAIDs allowed the use of
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veduced doses of both drogs that still resulted i enhanced
antiproliferative activity, These findings supeest that therapy
combining caleitriol and NSATDs will incresse efficaey while
decrzasing side-effects, We propose that this combination of
alreads appeoved drugs can be brough! 1o clinical trial swittly,
particularly in patients with early recorrest PCa that
demonstrate rising PSA sfter primary therapy, Tn conclusion,
out research is divected at understanding the mochznisens of
vitamin 13 action i prostate cells with the goal of developing
reatment strategies 1o improve PCa therapy. The ability of
caleitriol 1o inhibit PG synthesis and stimulate PG destruction
appears 1o be an sdditionsl pathway by which calutriol can
enhance PCa therapy.
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BIOLOGICAL EFFECTS OF fo25-
DIHYDROXYVITAMIN Iy ON HUMAN
KERATINOCYTES AFTER IONIZING RADIATION

Kerstin Miiller, Michasla Schinn, Jérg Reichrath and
Yiktor Meincke

Bundeswehr Institute of Radiobioloygy, Munich;
Department of Dermatology, The Saarland University
Hospital, Homburg, Germany

Exposure of human skin to ionizing radiation results in
various early and late effects such as an inflammatory
reaction, keratosis, fibrosis, radiation vasculinis and cancer,
lo 28 Dihydrosyvitamin 1, the  biclogically  sative
mztabolite of vitamin . has been shown o exert
pleiotropic effcets in the skin, We evaluated whether the
radiation reaction of humun keratinocytes (11aCal eolls)
can be modulated by 1o 25-dilydroxyvitamin D.. The cell
growth of keratinveyles after iomizing radiation was
significantly  incressed in the prescmes of la25-
dihydroxyvitamin 135 as compared to the untreated control.
Morecover, Tou25-dihydroxyvitamin Dy also exerted a
positive influcnce on the cell survival of frradiated
keratinocytes, as shown by clonogenic assay. As the
cutsncous tadiation reaction s determined by vorious
inflammatory parameters, including adhesive interactions
modiated by cellular adhesion molecules, we analyzed the
cell surfaca expression of interestlular adhesion medecule-
1 {1CAM-1} and Pl-integrin in keratinocyfes and the effect
of 1u,25-dihydroxyvitamin Dy using flow cytometry and
immuno- histochemistry, The resulls revealed that jonizing
radiation caves an up-regoulation of both ICAM-T and RI-
integrin in  keratinocyles, which was inhibited Ty
pretreatment of the cells with Le25-dihvdrogyvitamin 1.,
Taken together, our  data  suggest  1bat  1g,25-
dihydroxyvitamin Dy might be & promising agent to medify
the radiation reaction, offering  new
radintherapy and oncolngy.

optioas  in
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SNATL REPRESSES YITAMIN D RECEPTOR ,
EXPRESSION AND BLOCKS THE EFFECTS OF 14,25
DIHYDROXYVITAMIN Dy ON HUMAN COLON
CANCER CELLS IN FITRO AND IN VIVO

A Mubog, FLG. Pdlmer, M. Larsiba and P. Ordéiiez-
Muorin

Tnstitute de Investigaciones Biomédicas, Madrid, Spain

We have previously reported that 1a 25 -dihvdroxevizamin
Dy (1,25(CHY,D,) and several non-hypercaleemic analogs
{EB108%, MCUN3 and KHI060) inhibil proliferation and
promote differentiation of humsn SWASG-ADH colon
cancer cells, They induce the expression of E-cadberin angd
the translocation of f-catenin from the nucleus to the
plasma membeane. The Wntf-catenin sipnaling pathivay is
dercpalated inmost colon cancers as 4 result of mutation of
APRC or [cutenin ([CTNNVE 1Y genes. Tnoseveral human colon
cancer coll lines amalyred, 1025(0OD,D, ropressed
Breatenin/TCF-4 wanseriprional activilty and thua inhibited
the expression of f-catenin/TCF-4-respunsive genes. Using
oligonucleatide microarrays, the genctic profile induced by
1a 23{0H)L0, in human colon cancer cells was identified.
1o, 250040, changed the expression levels of nurmerous
previousty wnreported gencs, incdluding many invelved in
wanscription, cell adhssion, INA synthesis, apoptosis and
intracellular signaling. Vitamin D receptor (VDR) s
expressed in normel eolen epithelivm and during the early
stages of eolon cancer, but is lost at later stages of tymor
progression, High VDR expressicn has been associated with
good progoosis. We found that the SNAHL tramscription
fagtor represses human VDR L gene expression in cclon
cancer cells and blocks the aniifumor action of FBI&W

Yermgratted mice. In human colon cancer, elavated SNAIL
e\plegslmlﬁtes with rhe down-regulation of VDR and
E-cadberin. Our data predict that colon gancer patients with
high levels of SNATL are fikely to be poor responders to

therapy with L 2500H) 0, analogs.
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HIGTI-DOSE PULSE CALCITRIOL IN PROSTATE
CANCER

Anne byrthue and Tomasz M. Beer

Oregon Health and Scicnee University Portland, OR, US.A.

In pre-clindeal models of prostate cancer, caleitriol, the
principal avtive metabolite of witsmin D, displayed
significant antineoplastic aetivity alone and in combination
with  cytotoxic  drugs, but  only st substantially
supraphysiologic concentrations. The repostad mechanisms
of activity include inhibition of proliferation and cell oycle
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